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ABSTRACT 
The Effect of Cadmium Upon the Growth and Nitrogen 
Fixation of the Cyanobacterium Gloeothece ATCC 27152 
(September 1986) 
Kevin John Rodrigues 
M.S., University of Massachusetts/Amherst 
Directed by: Professor Robert W. Walker 
The continued anthropogenic input of cadmium into the 
environment, as well as increasing worldwide demand for 
fixed nitrogen, merit studies detailing cadmium toxicity 
towards diazotrophic microorganisms. 
The effect of cadmium upon the growth of the unicellu¬ 
lar, diazotrophic cyanobacterium Gloeothece ATCC 27152 was 
evaluated under two culture regimes: growth on a combined 
nitrogen source (nitrate) vs. growth when fixing atmospheric 
nitrogen. Cultures grown under either of these conditions 
displayed a similar sensitivity to cadmium over a 264 hour 
period, with concentrations of 0.20 mg cadmium/1 or less 
having no significant effect upon culture biomass, while 
higher concentrations (0.40 - 1.0 mg cadmium/1) inhibited 
growth in a dose dependent manner. 
Cultures exposed to 0.20 and 0.50 mg cadmium/1 for a 
144 hour period displayed a significant reduction in 
nitrogen fixation (determined by acetylene reduction) from 
VI 
control levels. A comparison of these results with the 
growth inhibition assays indicated that nitrogen fixation 
in Gloeothece ATCC 27152 was more sensitive to cadmium than 
growth. 
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CHAPTER I 
INTRODUCTION 
Cyanobacteria (blue-green algae, blue-green bacteria, 
cyanophytes) are one of the largest sub-groups of gram 
negative prokaryotes (Rippka et al., 1979). Indeed, these 
organisms are considered to be the largest, most diverse, 
and most widely distributed group of photosynthetic prokar¬ 
yotes (Stanier and Cohen—Bazire, 1977). The ubiquitous 
nature of the cyanobacteria is evidenced in their widespread 
appearance throughout the biosphere, with some members 
flourishing in even the most inhospitable and marginal of 
environments. Typically, these organisms are found in both 
aquatic and terrestrial habitats, where they occur as minor 
components of mixed algal populations. Among the cyano¬ 
bacteria, unicellular forms (order Chroococcales) often 
constitute an important portion of the freshwater phyto¬ 
plankton, with aquatic blooms consisting of these organisms 
being a common occurrence in nature. Indeed, one or more 
types of unicellular cyanobacteria are present in nearly 
every natural sample of freshwater (Allen and Stanier, 1968). 
The cyanobacteria are unique among photosynthetic 
prokaryotes in that they perform "higher plant" oxygenic 
photosynthesis and contain chlorophyll a. In addition, 
many members of this group are also able to fix atmospheric 
nitrogen. Such organisms are truly remarkable in that they 
1 
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are able to carry out two physiological processes which are 
inherently incompatible, due to the oxygen sensitivity of 
the nitrogen fixing enzymes (Gallon, 1981). The majority 
of nitrogen fixing cyanobacteria are filamentous forms/ 
which develop specialized cells (heterocysts) providing a 
sufficiently reduced environment to allow nitrogen fixation 
to occur. Nitrogen fixation by heterocystous cyanobacteria 
is an important constituent of the global nitrogen balance, 
with these organisms being called "...the ideal contributors 
to the nitrogen economy in the tropics" (Singh and Pandey, 
1981). A number of lakes have been identified which receive 
the majority of their annual nitrogen budget via hetero¬ 
cystous forms (Paerl et al., 1981). Other cyanobacteria 
(both unicellular and filamentous) have been identified 
which are able to fix nitrogen without the development of 
specialized cells (Rippka and Waterbury, 1977). The impor¬ 
tance of nitrogen fixation by these non-heterocystous forms 
has yet to be assessed. This phenomenon is probably quanti¬ 
tatively important in reducing environments (i.e. paddy 
fields), but no extensive studies have yet documented it 
(Whitton and Carr, 1982). 
The phytoplankton community is a crucial component of 
an aquatic ecosystem, as it constitutes the base of the 
aquatic food web. Cyanobacteria, as members of this 
community, merit attention to clarify the roles they play in 
the biological cycling of heavy metals (i.e. cadmium) and 
3 
their further transfer up through the food web. Inherent 
in such a study is the need to define an organism's ability 
to tolerate and concentrate cadmium. In light of their 
crucial position in the food web and rare physiological 
abilities, the cyanobacteria offer the researcher a unique 
tool to study both cadmium cycling and toxicity in the 
aquatic environment. 
The ongoing activities of an industrialized society 
result in a continuous anthropogenic input of cadmium into 
the aquatic environment from such diverse sources as mine 
wastes, sewage, land leachates, atmospheric dust, and 
industrial effluents (Wong, Mayfield, and Chau, 1980). In 
addition, acidic precipitation can also contribute to an 
enhanced mobilization of cadmium (Stokes, 1981). The 
ultimate destination of any toxicant transferred through 
the food web is man himself; thus, it is vital that research 
be performed in an attempt to elucidate these pathways. It 
is the aim of this proposed research to use cyanobacteria as 
a tool to clarify cadmium toxicity and fate in the aquatic 
environment. 
CHAPTER II 
LITERATURE REVIEW 
The nomenclature and classification of the unicellular 
cyanobacterium Gloeothece sp. ATCC 27152 has undergone con¬ 
siderable revision during the past fifteen years (Stanier 
et al., 1971). Any literature review must initially address 
this matter due to the confusion and difficulties these 
variations may present to the researcher. Gloeothece sp. 
ATCC (American Type Culture Collection) 27152 appears in 
the literature under several different names, including: 
Gloeocapsa sp. lUCC (Indiana University Culture Collection) 
LB 795 (Wyatt and Silvey, 1969); Gloeocapsa sp. UTEX 
(Culture Collection of Algae at the University of Texas) 
LB 795 (Gallon, 1980); Gloeocapsa sp. CCAP (Culture Collec¬ 
tion of Algae and Protozoa, Cambridge) 1430/3 (Gallon, 
1980), and Gloeothece sp. PCC (Pasteur Culture Collection) 
6909 (Rippka et al., 1979). Although this list of names 
may seem disjointed, the derivation of each is simply 
explained. Many variations in nomenclature occurred when 
cultures were renamed upon transferral from one collection 
to another, or when unialgal cultures were isolated in 
axenic form (Stanier et al., 1971, Gallon, Kurz, and LaRue, 
1975; Rippka et al., 1979; Gallon, 1980). A second major 
area of confusion resulted from the fact that Gloeothece sp. 
ATCC 27152 was initially classified as a Gloeocapsa species 
4 
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on the basis of observations which suggested that cell 
division occurred in more than one plane (Allen and Stanier, 
1968). Subsequent work demonstrated that division was only 
in one plane and this cyanobacterium was reassigned to the 
genus Gloeothece (Rippka et al., 1979). This variation in 
terminology is further complicated by the fact that a second 
closely related strain of Gloeothece (sp. ATCC 27151) 
is also found in the literature (Rippka et al., 1971; 
Stanier et al., 1971; Rippka et al., 1979; Jurgens and 
Weckesser, 1985). Both these strains of Gloeothece (ATCC 
27151 and 27152) have nearly identical DNA base composi¬ 
tions, and are considered to be independent isolates of 
the same Gloeothece species (Rippka et al., 1971; Stanier 
et al., 1971). Throughout this review, the name Gloeothece 
sp. ATCC 27152 (or Gloeothece sp. ATCC 27151) will be used 
in accordance with the considerable body of detailed 
research that has been performed to clarify both the 
classification and nomenclature of the cyanobacteria 
(Stanier et al., 1971; Rippka et al., 1979). 
Gloeothece sp. ATCC 27152 was originally isolated in 
1926 (Rippka et al., 1979). It has been reported that this 
organism is of terrestrial origin, but the original source 
of the isolate remains unknown (Gallon, Kurz, and LaRue, 
1973; Gallon, Kurz, and LaRue, 1975; Rippka et al., 1979). 
Gloeothece sp. ATCC 27151 was isolated in 1965 from a 
6 
natural freshwater sample (Rippka et al., 1979). Both 
isolates of this cyanobacterium possess large oval shaped 
cells, with an approximate diameter of 5 ym. These cells 
generally occur in microcolonies containing 4-16 cells which 
are held together by well defined multilaminate sheaths 
(Kallas et al., 1983). Sheath formation is a stable and 
consistent attribute of these organisms, being retained by 
cultures grown in the laboratory for 15 years (Rippka et al., 
1979). Gloeothece sp. ATCC 27151 and sp. 27152 differ from 
other unicellular cyanobacteria because of their marked 
light sensitivity; these strains require low levels of light 
(500-1000 lux or less) to show normal pigmentation and 
growth (Rippka et al., 1971; Stanier et al., 1971; Kallas 
et al., 1983). Above this light intensity, these organisms 
will become partially bleached due to the destruction of the 
phycobiliprotein complement of their photosynthetic apparatus 
(Stanier et al., 1971). Both isolates of this cyanobac¬ 
terium are obligate photoautotrophs, and possess the 
remarkable ability to fix nitrogen aerobically without the 
development of specialized cells (Rippka et al., 1971; 
« 
Rippka, 1972). These unusual properties of Gloeothece sp. 
make it a prime candidate for study in an investigation of 
cadmium toxicity. 
Cadmium, considered a rare metal, is usually present in 
small amounts in zinc ores and polymetallic (copper-lead- 
zinc) complexes. The metal is commercially obtained as a 
7 
by-product of the zinc, copper, and lead producing 
industries. In nature, cadmium is always found in the 
presence of zinc. These two metals are truly strange bed¬ 
fellows—while zinc is an essential trace element in living 
cells, cadmium has no known useful biological function and 
is in fact a virulent toxicant (Hiatt and Huff, 1975). 
Natural processes such as the weathering of rocks and 
volcanism are responsible for low background levels of 
cadmium in the environment. These contributions are minor 
in comparison to the anthropogenic input of our modern 
industrial society. In 1968, the U.S. consumption of cad¬ 
mium was approximately 6000 metric tons (Hammons et al., 
1978). The most widespread use of cadmium today is in the 
electroplating of thin protective films on the surface of 
reactive metals. Other major uses include the production 
of cadmium containing pigments used in paints, plastics, 
and inks. Cadmium is also important as a stabilizer in 
the manufacturing of plastics, and a substantial amount of 
the metal is incorporated into electrical contacts and 
nickel cadmium batteries. Smaller amounts of cadmium are 
used in the photographic industry, rubber processing, and 
the manufacture of fungicides. 
An estimated 2000 to 3600 metric tons of cadmium were 
lost to the environment in the U.S. in 1968 (Hammons et al., 
1978). The primary contributors to this environmental 
burden are smelters and galvanized (or cadmium plated) steel 
8 
reprocessing industries. Another major contributor to the 
contamination problem is the consumption and disposal of 
cadmium containing products. Cadmium dispersion also 
occurs during the consumption of fossil fuels and wearing 
of automobile tires. Other important sources are phosphate 
fertilizer and sewage sludge, both of which may contribute 
appreciable levels of cadmium to agricultural lands. 
Unfortunately, many manufactured items containing cadmium 
are difficult to recycle and most of the metal ultimately 
finds its way into the environment (Hem, 1972; Hammons et 
al., 1978). This largely dispersive use of cadmium has 
caused one group of authors to label it "the dissipated 
element" (Fulkerson and Goeller, 1973) . 
Present background levels of cadmium are typically low, 
with higher concentrations generally found only in localized 
industrial areas. In rural settings distant from any point 
source the atmospheric cadmium level is usually below the 
3 
detection level (<0.001 yg/m ). In comparison, in areas 
adjacent to a smelter atmospheric levels of 0.3 to 3.0 
3 
yg/m have been measured. Typical urban neighborhoods 
possessed cadmium concentrations ranging from 0.002 to 
3 
0.080 yg/m (Hammons et al., 1978). Soil cadmium levels 
are also generally low (<0.4 ppm cadmium), except in areas 
adjacent to point sources. In the vicinity of a smelter, 
soil cadmium levels of 10-100 ppm have been measured. 
Soils of industrial urban areas show a slight elevation in 
cadmium level, with concentrations of 0.1 to 1.0 ppm 
detected (Hammons et al., 1978). 
9 
The background levels of cadmium in rural fresh waters 
generally lie in the range of 0.01-0.1 ug cadmium/1 
(Martin, Knauer, and Flegal, 1980). The U.S. Public 
Health Service drinking water standards include a maximal 
permissible (mandatory) limit for cadmium of 10 yg/l 
(USPHS, 1962). The primary cadmium inputs into aquatic 
systems include waters from mine wastes, sewage, land 
leachates, and industrial effluents as well as atmospheric 
fallout and precipitation (Wong, Mayfield, and Chau, 1980). 
Cadmium concentrations in freshwaters adjacent to industrial 
areas may reach as high as 100 yg/l (Hammons et al., 1978). 
These elevated concentrations are a localized phenomenon, 
because aquatic cadmium levels also decrease rapidly with 
distance from a point source. An important factor involved 
in the uptake and removal of cadmium from an aquatic system 
is its phytoplankton community (Whitton and Say, 1975; 
Davies, 1978; Gadd and Griffiths, 1978). These organisms 
represent the base of the aquatic food web, and their 
ability to withstand and bioconcentrate cadmium is of 
crucial importance. In addition, phytoplankton play 
important roles in both minor element metabolism and 
dynamics of freshwater aquatic ecosystems (Boyd and 
Lawrence, 1966). Algal blooms in natural waters may well 
alter the distribution of heavy metals in the water column. 
10 
and thereby change the patterns of bioaccumulation of these 
elements through food webs (Hassett, Jennett, and Smith, 
1981). 
A number of recent studies have examined growth as a 
measure of the ability of freshwater phytoplankton to 
tolerate cadmium, with the majority of these focusing upon 
the green algae (chlorophytes). The unicellular green alga, 
Selanastrum capricornatum, was exposed to cadmium (0, 50, 
60, 70, and 80 yg cadmium/1) using the Algal Assay Proce¬ 
dures Bottle Test with growth assayed (as packed cell 
volume) over a seven-day period. Growth inhibition by 
cadmium started at 50 yg/l, with complete inhibition at 
80 yg cadmium/1. The most noticeable effect on the growth 
rate was a shift in the lag growth phase with increasing 
metal concentration. At 50 and 60 yg cadmium/1, a 24-hour 
I 
extension of the lag growth phase over that of the control 
occurred, while 70 yg cadmium/1 produced a 72-hour extension 
of the lag period. Upon resumption of growth, these cad¬ 
mium treated cultures produced near normal growth rates 
(Bartlett and Rabe, 1974). The green alga Scenedesmus 
quadracauda, grown in batch culture using shake flasks, 
was exposed to a range of cadmium concentrations (0, 0.061, 
0.610, 6.10 and 610 yg cadmium/1) with growth assayed 
periodically for sixteen days. Growth (monitored by cell 
counting) was significantly inhibited at 6.10 yg cadmium/1, 
with severe growth inhibition occurring at concentrations 
11 
greater than 61.0 yg cadmium/1 (Klass, Rowe, and Massaro, 
1974). Studies using the green alga Ankistrodesmus falcatus 
revealed that cadmium increased generation time from 20 
hours to 50 hours (Burnison et al., 1975). The effect of 
cadmium upon the growth of the green alga Chlorella 
pyrenoidosa was examined at concentrations of 0, 0.25, 
0.50, and 1.00 mg cadmium/1. Cadmium inhibited growth 
(measured turbidimetrically) at all levels tested, with the 
extent of the inhibition being concentration dependent and 
more pronounced at an initial culture pH of 7 than at pH 8 
(Hart and Scaife, 1977) . Chlorella vulgaris, a green alga 
which is not natively planktonic, was cultured planktoni- 
cally and exposed to cadmium (0, 0.00075, 0.018, and 0.32 
mg cadmium/1) for 33 days, with growth monitored periodi¬ 
cally by direct cell counts. The 33 day effective concen¬ 
tration of cadmium which depressed cell division by 50 
percent (33 day EC (50)) was determined to be 0.06 ( + ) 0.001 
mg cadmium/1. The average lag period for control growth 
(two days) was extended up to eleven days at 0.32 mg 
cadmium/1. Cultures at all cadmium levels tested displayed 
a recovery in cell growth during the course of the experi¬ 
ment, with some cell division always occurring given a 
certain minimum number of cells in the initial inoculum 
(Rosko and Rachlin, 1977). The green alga Chlorella regu- 
laris was grown in batch culture using shaken "L" tubes and 
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exposed to cadmium (0, 10, and 20 mg cadmium/1) over a 
96-hour period with growth measured spectrophotometrically. 
All concentrations of cadmium tested showed no significant 
difference in growth when compared to the control 
(Sakaguchi et al., 1979). The colonial green alga 
Scenedesmus obliquus was grown in batch culture using still 
flasks and exposed to a wide range of cadmium concentrations 
(0, 0.01, 0.02, 0.05, 0.10, 0.25, 0.50, 0.75, 1.0, 1.5, 2.0, 
and 3.0 mg cadmium/1). Growth was determined via direct 
cell counts at the end of a 14-day incubation period. 
Cadmium levels of 1.0 mg cadmium/1 or less had no signifi¬ 
cant effect on the number of cell population doublings 
during the incubation period, while concentrations greater 
than 1.0 mg cadmium/1 inhibited growth markedly. The 
degree of inhibition was directly related to the cadmium 
concentration in the medium (Cain, Paschal, and Hayden, 
1980). A growth assay performed using the green alga 
Chlamydomonas reinhardtii using batch cultured still flasks 
examined a large number of cadmium concentrations (1.0, 2.0, 
3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 mg cadmium/1). 
After a one-week incubation period final cell densities were 
determined by direct cell counts. Cadmium levels of 3.0 mg 
cadmium/1 and less showed only a slight degree of inhibition 
(<10 percent) when compared to the control, while at the 
highest concentration (10 mg cadmium/1) only 20 percent of 
control growth occurred. At levels greater than 3.0 mg 
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cadmium/l, growth inhibition was directly related to the 
concentration of cadmium in the medium (Cain and Allen, 
1980). The green alga Ankistrodesmus braunii was grown in 
batch culture using shake flasks with growth monitored 
spectrophotometrically over an eleven-day period. Cadmium 
levels of 0, 0.01, 0.10, 1.1, 11.0, and 112.0 mg cadmium/1 
were tested, with 0.01 mg cadmium/1 showing no growth 
inhibition. Growth inhibition occurred at 0.10 and 1.1 mg 
cadmium/1; the degree of inhibition was directly related to 
the cadmium level. At 11.0 and 112.0 mg cadmium/1, growth 
completely ceased (Laube, McKensie, and Kushner, 1980). A 
growth assay performed using three green algae 
(Ankistrodesmus falcatus, Scenedesmus obliquus, and 
Chlorococcum sp.) ^was performed using batch cultured still 
flasks. Growth was determined on the tenth day after 
inoculation by measuring the optical density of the total 
pigment extract. A wide range (0, 0.1, 0.5, 1.0, 1.5, 2.0, 
2.5, 3.0, 5.0, and 10.0 mg cadmium/1) of cadmium concen¬ 
trations were tested, with results indicating differential 
toxicity among the three algal genera. Cadmium concentra¬ 
tions of 5.0 mg cadmium/1 and above were lethal to 
Scenedesmus obliquus and Ankistrodesmus falcatus, while 
10.0 mg cadmium/1 and above was lethal to Chlorococcum sp. 
At lower concentrations (0.1 to 1.0 mg cadmium/1), a slight 
stimulation in the growth of each alga was noted (Devi 
Prasad and Devi Prasad, 1982). The green alga Chlorella 
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saccharophila was grown in batch culture with periodic 
shaking and exposed to cadmium (0.013, 0.133, 1.33, and 
3.20 mg cadmium/1) with growth determined at the conclusion 
of a 96“hour incubation period by direct cell counts. The 
effective concentration of cadmium which reduced population 
growth by 50 percent of control growth after 96 hours of 
exposure (96 hour EC (50).) was determined to be 0.105 ( + ) 
0.001 mg cadmium/1. In addition, the 24-hour growth rate 
(k) and number of days per division (T(d)) were calculated, 
with the general trend being that k values decreased and 
T(d) values increased as cadmium concentration increased 
(Rachlin, Jensen, and Warkentine, 1982). 
Studies of cadmium toxicity among another important 
constituent of the freshwater phytoplankton, the diatoms 
(Bacillariophytes), are not nearly as numerous. The diatom 
Asterionella formosa was grown in continuous culture using 
a chemostat and exposed to cadmium (0, 2, 10, and 20 yg 
cadmium/1) over periods extending from 6 to 23 days. 
Growth was determined by measuring total population biomass 
and expressed as population doubling time in days. An 
ambient concentration of 2 yg cadmium/1 reduced the 
population growth rate by an order of magnitude, while popu¬ 
lations exposed to >10 yg cadmium/1 ceased growth in 20-30 
hours (Conway, 1978). The diatom Navicula incerta was 
grown in batch culture with periodic shaking. Cadmium 
15 
concentrations of 1.0, 5.6, and 10.0 mg cadmium/l were 
tested and growth was determined at the conclusion of a 
96-hour incubation period by direct cell counts. The 
effective concentration of cadmium which reduced population 
growth by 50 percent of control values after 96 hours of 
exposure (96 hour EC (50)) was determined to be 3.01 ( + ) 0.01 
mg cadmium/1. The number of days per division (T(d)) was 
also calculated for each cadmium concentration tested. With 
increasing concentrations of cadmium, there was an increase 
in the T(d) value, indicating a retardation of the division 
process (Rachlin, Jensen, and Warkentine, 1983). 
The cyanobacteria, or blue-green algae (cyanophytes) 
also constitute an important part of the freshwater phyto¬ 
plankton and are fairly well represented in cadmium toxicity 
studies. A group of cyanobacteria including the filamen¬ 
tous Nostoc muscorum and three unicellular forms 
(Anacystis nidulans, Gloeocapsa alpicola, and Merismopedia 
glauca f. insignis) were grown in stationary flasks sparged 
with air and subjected to a range of cadmium levels (0, 
0.5, 1.0, 2.0, 5.0, and 10.0 mg cadmium/1). Cultures were 
incubated for seven days and at the end of this period 
growth was determined by dry weight measurements. Cadmium 
had relatively little effect on Merismopedia glauca f. 
insignis at concentrations of 5.0 mg cadmium/1 or less, 
with slight growth inhibition occurring at the 10.0 mg 
cadmium/1 level. Anacystis nidulans, however, displayed 
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stimulation above control growth up to 5.0 mg cadmium/1, 
with appreciable inhibition at 10.0 mg cadmium/1. The 
filamentous Nostoc muscorum exhibited an atypical response 
with growth inhibition being approximately 30 percent (as 
compared to control growth) for all cadmium levels tested. 
Gloeocapsa alpicola was the most sensitive of all cyano¬ 
bacteria examined, with growth inhibition increasing from 
20 percent at 0.5 mg cadmium/1 to 60 percent at 10.0 mg 
cadmium/1 (Sparling, 1968). The filamentous cyanobacterium 
Anabaena inaegualis was exposed to a range of cadmium 
levels (0, 0.02, 0^03, 0.04, 0.05, and 0.06 mg cadmium/1) with 
growth determined spectrophotometrically over a twelve day 
period. At cadmium concentrations below 0.03 mg cadmium/1, 
there was no significant inhibition of either the growth 
rate or growth yield from that of the control. Cadmium 
levels of 0.03 - 0.05 mg cadmium/1 resulted in a signifi¬ 
cantly lower 12-day growth yield, while cultures exposed to 
0.06 mg cadmium/1 were completely inhibited. It was 
concluded that cadmium exposure had no significant effect 
upon the lag phase of growth or culture doubling time, but 
did cause the onset of the stationary phase to occur sooner, 
indicating a delayed expression of toxicity (Stratton and 
Corke, 1979). Another filamentous cyanobacterium, 
Anabaena cylindrica Lemm., was cultivated in shake flasks 
with 10 percent media renewal per day for a twenty day 
period. A total of six cadmium levels (0, 0.001, 0.01, 
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0.1, 1.0, and 2.0 mg cadmium/1) were examined, with growth 
measured turbidimetrically. At concentrations less than 
1.0 mg cadmium/1, growth was not significantly inhibited in 
comparison to the control. Higher concentrations of cadmium 
resulted in time dependent growth inhibition; during day 
two to six of the assay only 2.0 mg cadmium/1 caused a 
significant decrease in growth, while during day 8 to 20 
both 1.0 and 2.0 mg cadmium/1 yielded significant growth 
inhibition (Delmotte, 1980). A related species, Anabaena 
7120, was batch cultured using shake flasks with growth 
monitored spectrophotometrically over a twenty day period. 
Cadmium levels of 0, 0.001, 0.01, 0.1, 1.0, 11.0, and 112.0 
mg cadmium/1 were tested with 0.001 mg cadmium/1 having no 
effect on growth. Concentrations of 0.01- 1.0 mg cadmium/1 
extended the lag growth phase to about twice that of the 
control, followed by growth at a rate comparable with that 
of the control. Higher cadmium levels (11.0 and 112.0 mg 
cadmium/1) completely inhibited growth (Laube, McKensie, 
and Kushner, 1980). Nostoc calicola, also a filamentous 
cyanobacterium, was cultured in still flasks with growth 
assayed spectrophotometrically. When cultured in medium 
containing different levels of cadmium (0, 0.50, 1.0, 1.5, 
2.0, 3.0, and 3.5 mg cadmium/1) this organism exhibited pH 
dependent growth inhibition, with an inverse correlation 
observed between cadmium sensitivity and increasing pH 
values. At pH 6, both 0.50 and 1.0 mg cadmium/1 caused 
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appreciable growth inhibition, with growth ceasing at 1.5 
mg cadmium/1. However, at pH 9, cadmium levels as high as 
2.0 to 3.5 mg cadmium/1 supported growth (Singh and Pandey, 
1981) . A unicellular cyanobacterium, Chroococcus paris, 
was batch cultured in shake flasks and exposed to a range 
of cadmium levels (0, 0.10, 0.20, 0.40, 1.0, and 2.0 mg 
cadmium/1) with growth assayed spectrophotometrically over 
a ten day period. Concentrations of 0.10 and 0.20 mg 
cadmium/1 resulted in growth equal to control levels. Both 
1.0 and 2.0 mg cadmium/1 resulted in complete growth inhi¬ 
bition (Les and Walker, 1984). The filamentous cyanobac¬ 
terium Anabaena flos-aquae was grown in culture tubes with 
periodic agitation and exposed to cadmium (0.0014, 0.0049, 
0.014, and 0.049 mg cadmium/1) with growth determined (as 
dry weight) after a 96-hour exposure period. The incipient 
lethal concentration of cadmium which reduced population 
growth by 50 percent after 96 hours (96 hour EC (50)) was 
determined to be 0.013 (+) 0.005 mg cadmium/1. The number 
of days per division (T(d)) was also calculated for each 
concentration tested, with T(d) values increasing with 
cadmium concentration. In the same study, the 96 hour 
EC (50) determined for a related cyanobacterium (Anabaena 
variabilis) was 0.012 mg cadmium/1, demonstrating the 
consistency of response of this genera to cadmium (Rachlin, 
Jensen, and Warkentine, 1984). Additional information 
regarding cadmium toxicity to phytoplankton is available in 
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a review chapter by Wong and associates (Wong, Mayfield, 
and Chau, 1980) . 
Among the freshwater phytoplankton, only the prokaryo¬ 
tic cyanobacteria are able to fix atmospheric nitrogen 
(Paerl et al., 1981). The effect of cadmium upon cyano- 
bacterial nitrogen fixation is less well documented than 
growth response, and in each case only filamentous forms 
possessing heterocysts have been studied. An investigation 
utilizing the cyanobacteria Chlorogloea fritschii, Nostoc 
muscorum, Nostoc sp. and WestieHopsis sp. was performed 
over an eight day period using a range of cadmium concen¬ 
trations (0, 0.005, 0.0125, 0.025, 0.005, and 0.125 mg 
cadmium/1). Nitrogen fixation by cultures was measured at 
regular intervals (1 hour, 1 day, and 8 days) using the 
acetylene reduction technique. Cadmium toxicity was found 
to be both concentration and time dependent, with large 
differences among the individual cyanobacterial genera also 
noted. Nostoc muscorum and Nostoc sp. both demonstrated 
acetylene reduction in excess of the control at low (0.005, 
0.0125, 0.025 mg cadmium/1) cadmium concentrations during 
the initial sampling intervals (1 hour and 1 day), but by 
day 8 acetylene reduction was inhibited. At high (0.05, 
0.125 mg cadmium/1) concentrations of cadmium, acetylene 
reduction by both Nostoc species was inhibited over all 
time periods. The response of Chlorogloea fritschii was 
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relatively constant during all sampling periods; showing a 
slight stimulation above control levels at low (0.005, 
0.0125, 0.025 mg cadmium/1) cadmium concentrations. At 
high (0.05, 0.125 mg cadmium/1) cadmium concentrations a 
slight inhibition in acetylene reduction was seen at each 
measurement interval. Of the four cyanobacteria tested, 
Westiellopsis sp. was by far the most sensitive to cadmium. 
At both low (0.005, 0.0125, 0.025 mg cadmium/1) and high 
(0.05, 0.125 mg cadmium/1) cadmium concentrations acetylene 
reduction was inhibited after 1 hour of exposure to cadmium, 
and a strong inhibition continued for the duration of the 
experiment at all cadmium concentrations tested (Henriksson 
and DaSilva, 1978) . 
The effect of cadmium on nitrogen fixation by the 
cyanobacterium Anabaena inaequalis was assayed using the 
acetylene reduction technique over a range of cadmium 
concentrations (0, 1.0, 2.0, 4.0, 6,0, 8.0, 10.0, and 20.0 
mg cadmium/1). After a five hour exposure period, 
significant inhibition of acetylene reduction occurred at 
the 1.0 mg cadmium/1 level, while 20.0 mg cadmium/1 was 
required to cause complete inhibition of acetylene reduc¬ 
tion. The degree of inhibition was concentration dependent, 
with a linear relationship existing between reduction in 
ethylene yield and log(10) cadmium concentration over the 
range of 2.0 - 20.0 mg cadmium/1. In the same study, a 
time course investigation monitored acetylene reduction at 
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one hour intervals over a five hour exposure period. These 
results indicated that cadmium did not affect the early 
pattern of acetylene reduction, but did cause this activity 
to reach zero at times dependent upon the cadmium concen¬ 
tration. Although control cultures demonstrated active 
acetylene reduction throughout the 5-hour incubation period, 
activity ceased after 1, 2, and 3 hours in those cultures 
treated with 10.0, 5.0, and 1.0 mg cadmium/1, respectively. 
To supplement these short-term tests, experiments were 
conducted in which Anabaena inaegualis was preincubated in 
the presence of cadmium for 24 hours prior to the acetylene 
reduction assay. Under these conditions, the toxicity 
induced by 0.5 mg cadmium/1 was increased by 77 percent. 
In addition, cultures were grown in the presence of 
cadmium (.05 mg cadmium/1) for 14 days in an attempt to 
document any long-term effects. These cultures displayed 
a 70 percent inhibition in acetylene reduction, much 
greater than that demonstrated during short-term assays 
(Stratton and Corke, 1979).. 
An investigation using a second species of Anabaena 
(Anabaena cylindrica Lemm.) examined the effect of cadmium 
upon nitrogen fixation (also measured by the acetylene 
reduction technique) over a twenty-day incubation period. 
Assays were performed periodically on actively growing 
cultures which were exposed to a range of cadmium levels 
(0, 0.001, 0.01, 0.1, 1.0, and 2.0 mg cadmium/1). 
c 
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Throughout the initial portion of the experiment (days 
3-11), a cadmium level of 2,0 mg cadmium/1 produced a 
significant inhibition in acetylene reduction from control 
values, but in the latter stages of the experiment this 
inhibition disappeared. No significant inhibition of 
acetylene reduction was noted during any time interval at 
concentrations of 1.0 mg cadmium/1 or less (Delmotte, 1980). 
A second strain of Anabaena cylindrica was exposed to 
cadmium levels of 0, 1.0, 4.0, 10.0, and 20.0 mg cadmium/1 
with nitrogen fixation measured at fixed intervals using 
the acetylene reduction technique over a two-day exposure 
period. A cadmium concentration of 1.0 mg cadmium/1 caused 
a significant decrease in the total amount of acetylene 
reduced after approximately 1 hour incubation, and limited 
further acetylene reduction completely over a period of two 
days. Higher cadmium concentrations (4.0, 10.0, and 20.0 
mg cadmium/1) further decreased the total amount of 
acetylene reduced and caused complete inhibition in all 
cases after 1 hour exposure time. The time course of this 
inhibition indicated that cadmium did not affect the initial 
pattern of acetylene reduction considerably, while causing 
it to reach complete inhibition at times dependent upon the 
cadmium concentration. In contrast, control cultures 
demonstrated actiye acetylene reduction throughout the 
entire incubation period (Becker, 1975). A recent review 
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contains information regarding the response of other diazo- 
trophic microorganisms to cadmium (Babich and Stotzky, 
1985) . 
A number of studies using the light microscope have 
examined the effects of cadmium upon the morphology of 
various members of the freshwater phytoplankton community. 
Cells of the cadmium treated (0.32 mg cadmium/1) green 
alga Chlorella vulgaris were significantly larger than 
control cells (no cadmium) throughout a 33-day exposure 
period (Rosko and Rachlin, 1977). The filamentous cyano¬ 
bacterium Anabaena inequalis was grown in medium 
containing 0.05 mg cadmium/1 for seven days. At the conclu¬ 
sion of this period, cadmium exposed filaments were longer 
than control filaments and also contained a greater propor¬ 
tion of heterocysts, which often appeared in atypical 
grape-like clusters. Apical cells in treated filaments 
were often devoid of cellular contents. This was attributed 
to the fact that their larger exposed surface area caused 
an increased sensitivity to the metal. Cadmium treated 
cultures tended to yellow with age, and higher concentra¬ 
tions of the metal caused cell lysis (Stratton and Corke, 
1979). A similar cyanobacterial species, Anabaena 
cylindrica Lemm., was exposed to cadmium over a twenty 
day period. At 2.0 mg cadmium/1, filament breakage was 
common and malformations of vegetative cells and hetero- 
(r 
cysts were frequent. This cadmium level also produced an 
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increase in heterocyst frequency and chlorosis of cultures 
(Delmotte, 1980). The filamentous cyanobacterium Nostoc 
calicola demonstrated an aberrant pattern of cellular 
division when exposed to cadmium at a level of 2.0 mg 
cadmium/1. While control cultures contained unbranched 
filaments composed of linearly arranged cells, cadmium 
exposed cultures often contained atypical "Z" shaped 
filaments. These atypical filaments resulted from 
division abnormalities in terminal cells, also indicating 
an increased sensitivity to cadmium due to their larger 
exposed surface area. Filaments also contained cells 
which were no longer able to divide, as well as lysed cells 
(Singh and Pandey, 1981). 
\ 
CHAPTER III 
MATERIALS AND METHODS 
Chemicals and Glassware 
All chemicals used to prepare culture medium and metal 
solutions throughout this study were ACS reagent grade. 
Any water used in the preparation of culture media, metal 
solutions, or buffers was laboratory reagent grade. This 
water was prepared by glass distillation followed by 
deionization using a Millipore Milli-Q water purification 
system (Millipore Corp., Bedford, MA). Purified water was 
stored in polyethylene carboys prior to use. Only boro- 
silicate glassware was used in this study. All glassware 
was cleansed by washing with a suitable detergent, and then 
rinsing with a succession of tapwater, 50 percent (v/v) 
nitric acid, and purified water. Both water purity and 
glassware cleanliness are two factors which are of great 
importance in the successful cultivation of cyanobacteria 
(Stanier et al., 1971). 
Culture Techniques 
Organism 
The organism which was used in this study was the uni¬ 
cellular cyanobacterium Gloeothece ATCC 27152. The original 
culture was obtained on a slant from the American Type 
Culture Collection, Rockville, Maryland, 20882. 
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Growth of Stock Cultures 
Gloeothece ATCC 27152, like other freshwater unicellu¬ 
lar cyanobacteria, can be grown in a strictly mineral 
medium. The medium selected for this study was BG-11 
(Stanier et al., 1971, see appendix). Medium BG-11 is 
neutral after sterilization and will support growth of 
cultures either in air or in an atmosphere slightly 
enriched with carbon dioxide. Gloeothece, because of its 
ability to fix atmospheric nitrogen, is usually cultured in 
BG-11-0, a variant of BG-11 with the nitrogen source 
omitted (Rippka et al., 1979). Stock cultures were 
maintained in stationary test tubes without aeration at a 
temperature of 26°C, with a constant irradiance of 1.7 
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watts/m as measured at the surface of the culture vessels 
with a Li Cor model 185-B radiometer/photometer. Illumina¬ 
tion was provided by a single 40W cool white fluorescent 
lamp (Westinghouse Econ-O-Watt F40W RSEN II Cool White) 
positioned over the cultures (Stanier et al., 1971). Light 
intensity was controlled by varying the distance between 
the light source and the cultures and by placing sheets of 
metal screen between the light source and the cultures to 
attenuate excess light. Cultures were also grown on solid 
media, prepared by supplementing BG-11 (or BG-11-0) with 
1 percent (w/v) Difco agar. The agar and mineral medium 
base (both at double strength) were sterilized separately 
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and then combined aseptically allowing successful growth 
of cyanobacteria (Allen, 1968). 
Growth of Experimental Cultures 
The experimental cultures were grown in various sizes 
of Erlenmeyer flasks ranging from 125 ml to 1000 ml, 
according to need. In each case the maximum volume per 
flask of the culture and medium combined was no greater 
than 20 percent of the total flask volume (Drew, 1981). 
Large cultures were grown in 2,800 ml Fernbach flasks 
fitted with a sidearm so that periodic measurements of 
culture density could be obtained aseptically. Experimen¬ 
tal cultures were maintained at 25°C, witli a constant irra- 
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diance of 1.7 watts/m (measured at the surface of the 
culture vessels) provided by a 40W cool white fluorescent 
lamp (Westinghouse Econ-O-Watt F40W RSEN II Cool White) 
positioned over the cultures. As before, light intensity 
was controlled by varying the distance between the light 
source and cultures and also by attenuating excess light 
using metal mesh screens placed between the light source 
and the cultures. Aeration and mixing of cultures was 
provided by shaking on a New Brunswick gyrotory shaker at 
a constant rate of 115 rotations per minute. 
All culture media was sterilized in a steam autoclave 
using standard temperatures and pressures predicated upon 
media volumes (American Public Health Association, 1981). 
All culture inoculations, transfers, and manipulations were 
performed under aseptic conditions using a laminar flow 
bacteriological hood. Culture purity was determined by 
concentrating representative cultures (either via low speed 
centrifugation or settling under gravity) and streaking 
this material onto a non-fastidious culture medium (i.e. 
nutient agar). In addition, careful examination of 
concentrated cultures was performed using a Zeiss model 
IM-35 inverted microscope equipped with Normarski inter¬ 
ference illumination. 
Growth Determinations 
Attempts were made to monitor growth of cultures by 
several different methods including direct microscopic 
enumeration and a determination of the dry weight and 
optical density of individual cultures (Koch, 1981). A 
number of microscopic enumerations were performed using a 
hemocytometer (American Optical Co., Rochester, NY) 
(Archer, 1964). This technique was of dubious value, 
however, because of the great difficulty encountered when 
attempting to enumerate each of the individual cells con¬ 
tained in a microcolony. Each microcolony contained a 
variable number of cells located in more than one plane, 
and simply adjusting the plane of focus during microscopic 
enumerations caused the configuration of cells within a 
microcolony to shift, making accurate and repeatable 
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counting a tedious exercise. The method of choice used to 
monitor growth throughout the majority of this study was 
based upon initial measurements of culture optical density 
performed using a Perkin Elmer Hitachi model 200 double 
beam spectrophotometer equipped with square microcuvettes 
(light path = 1 cm). Dry weight determinations were then 
obtained by filtering known aliquots of cyanobacterial 
cultures through Whatman glass microfibre filters (grade 
934AH). These filters were dried at 105°C for 24 hours and 
weighed using a Cahn model G-2 Electrobalance (Gerhardt, 
1980). As bacterial dry weight concentration is directly 
proportional to culture optical density, a calibration 
curve was generated to define the relationship of these 
two parameters (Koch, 1981). 
Cadmium Concentration Determinations 
In order to ensure that the proper concentration of 
cadmium was added to experimental flasks, metal concentra¬ 
tions were verified using atomic absorption spectroscopy. 
A series of 250 Erlenmeyer flasks containing 50 ml of the 
appropriate medium (either BG-11 or BG-11-0) was prepared. 
These flasks had a small amount (50 yl) of highly concen¬ 
trated aqueous cadmium solution (as Cd(NO^)2*4H2O) added 
to produce the desired metal concentrations in the range of 
0 - 1.0 mg cadmium/1. A series of cadmium standards (as 
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Cd(NO^)2*4H2O) was prepared with volumetric glassware using 
BG-11 or BG-11-0 as the diluent. Both these standards and 
the metal spiked flasks were acidified with concentrated 
nitric acid to pH<2 to ensure sample preservation. Analyses 
were performed using a Perkin Elmer Model 103 Atomic 
Absorption Spectrophotometer equipped with a hollow cathode 
cadmium lamp using an air/acetylene flame via the direct 
aspiration method (U.S. EPA, 1983). The percent absorption 
for each standard was plotted against the known metal 
concentration on arithmetic graph paper to obtain a calibra¬ 
tion curve. Each spiked flask was then aspirated and its 
percent absorption converted to a cadmium concentration via 
the aforementioned curve. The measured cadmium concentra¬ 
tions were compared to the original desired concentrations 
as a check for the accuracy of the dosing technique. 
Effects of Cadmium Upon Growth 
To study the effects of cadmium upon growth, the metal 
was added to 250 ml Erlenmeyer flasks containing sterile 
culture medium. Cadmium was introduced as Cd(NO^)2 *in 
a range from 0 - 1.0 mg cadmium/1. A small amount of highly 
concentrated aqueous cadmium solution (50 yl) was asepti- 
cally added to each flask to produce the desired cadmium 
concentration. Following metal addition, a known volume and 
density of cyanobacterial cells was aseptically added and 
the flasks were placed on a gyrotory shaker under a constant 
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irradiance of 1.7 watts/m (as measured at the surface of 
the culture vessels). Any growth differences due to varying 
light intensities was eliminated by rotating flask positions 
relative to the light source via a random numbers table 
(Steel and Torrie, 1980). 
The effects of cadmium upon growth were analyzed using 
cells which had been cultured in nitrate replete medium 
(BG-11) as well as nitrate free medium (BG-11-0). In each 
case, the experimental conditions and design was identical 
except for the fact that BG-11 grown cells (medium con¬ 
taining NaNO^) utilized NO^” as their nitrogen source, 
while BG-11-0 grown cells (medium lacking NaNO^) fixed 
atmospheric nitrogen. The inoculum for each experiment was 
grown up in the appropriate medium (either BG-11 or BG-11-0) 
in 2,800 ml Fernbach flasks containing 500 ml of culture. 
These flasks were fitted with a sidearm by which 1 ml 
samples could be withdrawn to determine culture density. 
The optical density of each Fernbach flask was periodically 
monitored to ensure the cyanobacterial cells were in the 
logarithmic phase of growth. Using these sidearm flasks 
ensured that all growth assays began with a logarithmic 
phase inoculum of equal density. 
Each concentration of cadmium was run in triplicate 
and individual flasks were sampled aseptically every other 
day for a ten-day period to determine the optical density 
of the cultures. These optical densities were converted 
>4 
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to bacterial dry weight concentrations (yg/ml) via the 
aforementioned calibration curve and used to calculate the 
generation time (g) of each group of triplicates. Genera¬ 
tion time was determined by developing a regression equa¬ 
tion for time (plotted on the "x" axis in hours) vs. 
log(10) cyanobacterial concentration (plotted on the "y" 
axis as mg dry wt./l) from the growth data obtained for 
each cadmium concentration tested. The slope of each 
regression equation was used to calculate y, the growth 
rate constant (hour ^): 
y = slope (2.303) 
The value obtained for y was subsequently used to calculate 
g, the generation time (hours): 
g = 0.693/y 
These calculations were based upon a modification of the 
methods found in Stanier et al. (1979) and Koch (1981). 
pH Measurement 
The pH of both culture media and growing cyanobac¬ 
terial cultures was monitored using a Fisher Accumet pH 
meter (Model 144) equipped with an Orion pH electrode 
(Model 91-05). Three ml aliquots of standardizing buffers, 
culture medium, and cyanobacterial cultures were pipetted 
into 5 ml Reacti-Vials (Pierce Chemical Company, Rockford, 
IL) and analyzed using the pH meter after a three minute 
equilibration period. The 3 ml cyanobacterial samples 
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originated from a pooling of individual 1 ml culture 
aliquots taken from each of the three flasks per group of 
replicates. 
Determination of EC (50) 
The term EC (50) is defined as the effective concentra¬ 
tion of a toxic substance that produces a change in a 
physiological response in 50 percent of the test organisms 
(Rand, 1980). In this study, EC(50) refers to the concen¬ 
tration of cadmium which causes a 50 percent reduction in 
the growth of Gloeothece ATCC 27152 over a 264-hour (11-day) 
period. In order to calculate the EC (50) for cadmium in 
both nitrogen replete (BG-11) and nitrogen free medium 
(BG-11-0), the data from the aforementioned growth inhibi¬ 
tion assays were treated according to the methods of 
probit analysis (Bliss, 1952; Finney, 1962; Finney, 1964; 
Sprague, 1973) after the modification of Rachlin (Rachlin 
et al., 1983, J.W. Rachlin, personal communication, 1985). 
In order to utilize these methods, the net increase in 
cyanobacterial biomass over the 264-hour (11-day) incuba¬ 
tion period was converted to percent response values 
(control = 100 percent response). Those percent response 
values lying in the range of 16 - 84 percent were then 
transformed to the corresponding empirical probit values 
using the appropriate table (see Finney, 1962; his Table I, 
p. 264). The probit response values thus obtained were 
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then plotted against the log (10) value of their respective 
cadmium concentrations. The regression line thus produced 
was used to generate the log EC (50) , EC (50) , s log EC(50) 
(estimated standard error of the log EC (50)), and the S.E. 
(standard error of the EC(50)) via the following equations; 
i) log EC(50) = (5 - Y)/X 
...where "Y" is the y intercept of the regression equation 
and "X" is the slope of the regression equation 
ii) EC(50) = 10^°*^ EC(50) 
iii) s log EC(50) = l/X(N/2) 
.where "X" is the slope of the regression equation and 
"N" is the total number of cyanobacterial cells present 
per culture flask at the onset of each assay multiplied 
by the number of test concentrations used to generate the 
regression equation, and 
iv) S.E. = EC(50) (2.303) s log EC(50) 
Nitrogen Fixation 
Cyanobacterial cells that were tested for nitrogen 
fixation rates were grown up in 1000 ml Erlenmeyer flasks 
containing the appropriate culture medium (BG-11-0). A 
highly concentrated solution of aqueous cadmium (as 
Cd(NO^)2*^^2^^ aseptically added to flasks containing 
sterile culture media. The test concentrations selected 
(0, 0.20, and 0.50 mg cadmium/1) were based upon the 
results of the growth inhibition assays. Following the 
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addition of cadmium, a known volume and density of cyano- 
bacterial cells was aseptically added and the flasks 
placed on a gyrotory shaker under a constant irradiance 
of 1.7 watts/m (as measured at the surface of the culture 
vessels). The position of the flasks relative to the light 
source was rotated according to a random numbers table to 
ensure that any effects due to varying light intensity be 
eliminated. 
The inoculum for these flasks was grown in BG-11-0 
in 2,800 ml Fernbach flasks, each containing 500 ml of 
culture. As in the growth assays, these flasks were 
equipped with sidearms so that 1 ml aliquots of culture 
could be withdrawn aseptically and their optical density 
determined spectrophotometrically. Only logarithmic phase 
cells were used as the initial inoculum to begin each nitro¬ 
gen fixation assay. 
Each concentration of cadmium was run in triplicate, 
and cultures were grown up for a time period (144 hours 
= 6 days) allowing optimal detection of nitrogen fixation 
(Gallon et al., 1974). At the conclusion of this time' 
period, the contents of each flask were aseptically trans¬ 
ferred to sterile 250 ml polycarbonate centrifuge bottles. 
The cells were then concentrated using low speed centrifu¬ 
gation (i.e. 5000 X g) and 5 ml of each pellet was asepti¬ 
cally transferred to a sterile 25 ml Erlenmeyer flask. 
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These flasks were sealed with an airtight rubber cap in 
preparation for the nitrogen fixation assays. All culture 
transfers were performed aseptically in a laminar flow 
bacteriological hood. 
Nitrogen fixation was determined using the acetylene 
reduction technique (Postgate, 1977; Stewart, 1980; Turner 
and Gibson, 1980). After sealing each flask, an over¬ 
pressure of 10 percent v/v acetylene (prepurified, Airco 
Inc., Montvale, NJ) was injected using a gastight syringe 
(Precision Sampling Co., Baton Rouge, LA). These flasks 
were placed on the gyrotory shaker for a 60 minute incuba¬ 
tion period, with an irradiance (as measured at the surface 
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of the assay vessels) of 1.7 watts/m . At the conclusion 
of the 60 minute incubation period, 500 yl samples of gas 
were withdrawn from each flask using a gastight syringe. 
Gas samples were analyzed using a Perkin Elmer model 900 
Gas Chromatograph equipped with a flame ionization detector 
(H2 flow rate = 25 ml/min.; air flow rate = 150 ml/min.) 
with nitrogen as the carrier gas (N2 flow rate = 55 ml/min.). 
Separation of the ethylene and acetylene sample components 
was achieved using a 6 foot stainless steel column (2.0 mm 
i.d.) packed with Porapak N (80/100 mesh; Waters Co., 
Milford, MA) at a temperature of 30°C. The column was 
specially prepared and conditioned for the assay using a 
modification of a method suggested by a Waters Co. technical 
representative (J. Horrigan, personal communication). Upon 
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receipt, the Porapak N was washed with acetone, with the 
material allowed to dry in a dessicated fume hood over¬ 
night. The dried Porapak was then poured into a large 
diameter stainless steel column and preconditioned for 20 
hours at 180°C with 55 ml/min. of N2 flowing through it. 
This material was subsequently used to pack the column 
which was conditioned at 165°C for 2 hours with carrier 
flow (55 ml/min N2). At the conclusion of this period, 
additional material was added to the effluent end of the 
column to fill any voids and the column was conditioned 
overnight at 165°C with carrier flow. The retention time 
for ethylene and acetylene using this column and the 
aforementioned assay conditions was 2.1 minutes and 4.8 
minutes, respectively. The production of ethylene by each 
culture was quantified by measuring the peak heights 
obtained using a Fisher Recordall Series 5000 recorder. 
A blank flask containing 5 ml of distilled water (in lieu 
of cyanobacterial cells) was included in each series of 
assays to quantify any ethylene contaminant in the acety¬ 
lene gas. Ethylene production (nanomoles/minute) was 
calculated using a standard of known ethylene concentration 
diluted in nitrogen (Union Carbide, Linde Gases Division) 
according to the ethylene pre-mix calibration method 
(Turner and Gibson, 1980). To use this method, it was 
necessary to know the gas space volume (V, in ml) of each 
25 ml flask used as an assay vessel. These volumes had 
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already been deterinined by measuring the weight difference 
of an empty flask and the same flask sealed with a perfor¬ 
ated rubber cap and filled with water. Initially, a 500 yl 
sample of the ethylene standard (ethylene concentration — 
Y percent v/v) was injected into the gas chromatograph with 
the resulting peak (p^ x a^, i.e. peak height (mm) x 
attenuation setting) used to calculate a factor, "D", which 
was applied to all assays: 
D = 0.446 Y/(p^ X a^^) 
Following this, a 500 yl gas sample was removed from the 
blank flask (containing 5 ml of distilled water in lieu 
of cyanobacterial cells) and injected into the gas chroma¬ 
tograph. The peak produced by this gas sample (p2 x 3.2$ 
i.e. peak height (mm) x attenuation setting) represented 
any ethylene contaminant in the acetylene gas. Finally, 
500 yl gas samples were withdrawn from each assay vessel 
containing cyanobacterial cells and injected into the gas 
chromatograph. The peak resulting from these gas samples 
(P X A, i.e. peak height (mm) x attenuation setting) 
denoted the ethylene production by the cyanobacterial 
culture. The total ethylene produced (y moles) per assay 
vessel sampled was calculated via this equation: 
Total ethylene (y moles) = [(P X A) - (P2 X a2)] D X V 
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The value thus obtained for ethylene production was 
expressed as nanomoles ethylene produced/minute after 
normalizing with regards to the length of the incubation 
period. Duplicate injections and peak height determina¬ 
tions were performed for each gas sample analyzed with 
triplicate assay replicates used per cadmium concentration 
tested. 
At the conclusion of the assay, the biomass contained 
in each flask was determined by filtering its contents 
through a Whatman glass microfibre filter (grade 934AH). 
These filters were dried at 105°C for 24 hours and weighed 
using a Cahn model G-2 electrobalance (Gerhardt, 1980). 
The determination of the dry weight of each culture allowed 
ethylene production to be quantified in nanomoles ethylene 
produced/mg dry weight cells/minute. 
Photomicrography 
In these studies, cyanobacterial cells were grown up 
in 250 ml Erlenmeyer flasks containing 50 ml of culture. 
The cultures were incubated at 26°C on a gyrotory shaker 
2 
under a constant irradiance of 1.7 watts/m (as measured 
at the surface of the culture vessels). Aliquots of cyano¬ 
bacterial cultures in the logarithmic phase of growth and 
of adequate density were concentrated using low speed 
centrifugation (1500 x g). Wet mounts of representative 
cultures were prepared and examined using the oil immersion 
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objective (1000 X) of a Zeiss model IM 35 inverted micro¬ 
scope with Normarski interference illumination. Photo¬ 
micrographs were obtained with a Konica 35 mm camera using 
Kodak Plus X Pan Film. 
Transmission Electron Microscopy 
The cyanobacteria used in these studies were grown in 
250 ml Erlenmeyer flasks containing 50 ml of culture. Flasks 
V70r0 incubated on a gyrotory shaker under a constant irra— 
diance of 1.7 watts/m (as measured at the surface of the 
culture vessels). Cyanobacterial cultures in the logarith¬ 
mic phase of growth of adeguate density were concentrated 
via low speed centrifugation (5000 x g) and washed with 
0.05 M sodium cacodylate buffer (pH 7.3) to remove any 
debris. The total volume of the washed cell pellet was made 
up to 30 ml using the same buffer and 10 ml of 2 percent 
glutaraldehyde was added as an initial fixative. After one 
hour,^ cells were concentrated by low speed centrifugation 
(5000 X g) and prefixed by adding 2 percent glutaraldehyde 
in 0.2 M sodium cacodylate buffer (pH 7.3) to the pellet. 
« 
Following a two-hour prefixation period, cells were washed 
twice with 0.05 M sodium cacodylate buffer and then postfixed using 
osmium tetroxide in 0.2 M sodium cacodylate buffer. Cyano¬ 
bacteria stained with ruthenium red were prepared by adding 
0.1 percent ruthenium red to the aforementioned solutions used in the 
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initial fixation, prefixation, and postfixation steps. 
Postfixation was followed by a series of washes in 0.05 M 
sodium cacodylate buffer. During the incubation periods 
of each of the previous fixation steps, cells were placed 
on the gyrotory shaker to ensure good contact and penetra¬ 
tion of the cells by the fixatives. 
The postfixed and washed cells were concentrated by 
low speed centrifugation (5000 x g) and enrobed in 2 percent 
puirified noble agar in 0.2 M sodium cacodylate buffer. 
Dehydration was accomplished using a graded series of 
ethanols followed by propylene oxide. Cells were infil¬ 
trated and embedded with Epon 812 in preparation for thin 
sectioning. Thin sections (ca. 60 nm) were obtained using 
a LKB Ultratome III ultramicrotome and retrieved with 400 
mesh copper grids. These sections were poststained for 
15 minutes with 5 percent (w/v) uranyl acetate (in 50 
percent methanol) followed by 0.4 percent (w/v) lead 
citrate for an additional 15 minutes. Immediately after 
this, sections were viewed at 60 kV with a Zeiss 9S-2 
0l0ctron microscope. Both thin sectioning and transmission 
electron microscopy of the processed cells was performed 
by Dr. Robyn Rufner, formerly of the Massachusetts 
Agricultural Experiment Station Electron Microscopy 
Laboratory. 
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Statistical Analyses 
The analyses of variance found within this study are 
based upon experimental designs found in Winer (1962). All 
data manipulations and computations were performed via the 
university's mainframe computer (Cyber 175 Control Data 
Corp.) using selected programs from the BMDP (Biomedical 
Data Programs) statistical software collection (Brown et 
al., 1983). All graphing was performed via the university's 
mainframe computer routed through a Calcomp 1051 plotter 
using SPSS (Statistical Package for the Social Sciences) 
digital plotting software (SPSS, 1983). 
CHAPTER IV 
RESULTS 
In order to evaluate the effect of cadmium upon the 
growth of Gloeothece ATCC 27152, it was necessary to possess 
an efficient and sensitive method for measuring biomass 
throughout any toxicity assay. As it is well known that 
bacterial dry weight concentration is directly proportional 
to culture optical density, a calibration curve was 
prepared to define the relationship between biomass 
(cyanobacterial dry weight concentration in mg/1) and 
culture optical density at 450 nm (Figure 1, Table 1). 
During the growth inhibition assays, cyanobacterial 
biomass was measured as optical density at 450 nm with 
these values subsequently converted to dry weight concen¬ 
trations via the aforementioned calibration curve. 
Prior to the initiation of the growth inhibition 
assays, an exercise was performed to ensure that the 
technique used to supply culture flasks with cadmium 
resulted in measured cadmium concentrations equal to those 
desired. Calibration curves prepared via atomic absorption 
spectroscopy using a known series of cadmium standards were 
virtually identical regardless of the type of media (i.e. 
BG-11 vs. BG-11-0) used as the diluent (Figures 2 and 3). 
An examination of metal spiked culture flasks (not 
inoculated with cyanobacteria) demonstrated that measured 
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Fig. 1. Biomass measurement plot showing the 
correlation between cyanobacterial culture optical 
density at 450 nm ana culture dry weight concentration 
(mg/1). The regression equation is: Y = 563.2193 X + 
19.6563; r = .9936; ana N = 16. 
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CELL CONCENTRRTION (MG DRY WT . PER L) 
Figure 1 
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X, Cell Cone. N, Number of s s//rT X, Cell Cone. N, Number of s s//n 
(O.D. at 450 Replicate (mg dry wt / Replicate 
nm) Observations 1 ) Observations 
.070 3 .002 .001 52.00 4 1.10 .60 
.071 3 .002 .001 61.60 5 2.30 1.00 
.072 3 .003 .002 58.40 5 2.30 1.00 
.103 3 .004 .002 82.00 5 1.20 .50 
.106 3 .002 .001 81.90 5 .70 ,30 
.125 3 .004 .002 84.30 5 1.10 .50 
.153 3 .001 .001 107.80 5 3.60 1.60 
.165 3 .004 .002 118.70 5 2.20 1.00 
.205 3 .002 .001 131.10 5 4.30 1.90 
.216 3 .005 .003 137.60 4 2.50 1.30 
.225 3 .001 .001 157.90 5 5.80 2.60 
.235 3 .010 .006 147.00 5 1.20 .50 
.267 3 .008 .005 170.80 5 3.30 1.50 
.272 3 .003 .002 179.00 4 8.10 4.10 
.303 3 .004 .002 189.70 5 2.60 1.20 
.313 3 .004 .002 188.60 5 3.90 1.70 
Table 1. Biomass measurements establishing the 
correlation between cyanobacterial culture optical density 
at 450 nm and culture dry weight concentration (mg/1). N 
value (number of replicate observations) reflects the 
number of individual biomass determinations performed on 
the same culture flask. 
NOTE: s/Vn = standard error of the mean 
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Fig. 2. Calibration curve showing the correlation 
between percent absorption ana caamium concentration (mg/1) 
of caamium stanaards for atomic absorption spectroscopy 
using nitrate replete meaium (BG-11) as the diluent. The 
regression equation is: Y = 99.9551 X + .b392; r = .9999; 
= 6. 
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Figure 2 
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Fig. 3. Calibration curve showing the correlation 
between percent absorption ana caoinium concentration (mg/1) 
or cadmium standaras for atomic absorption spectroscopy 
using nitrate free medium (3G-11-0) as the diluent. The 
regression equation is: Y = 98.3790 X + 1.0633: r*= 9962* 
N = 6. * * 
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Figure 3 
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cadmium concentrations were within (+) 10 percent of the 
predicted levels (Table 2). These results were deemed 
acceptable given the limitations of the atomic absorption 
spectrophotometer used to perform the measurements. 
The initial toxicity assay examined the effect of 
cadmium upon the growth of Gloeothece ATCC 27152 cultured 
in nitrate replete medium (BG-11). Cadmium concentrations 
of 0.05, 0.10, and 0.20 mg cadmium/1 had little effect on 
the culture biomass measured (as compared to the control) 
throughout the duration of the assay (Figure 4, Table 3). 
Higher concentrations of cadmium (0.40, 0.50, 0.80, and 
1.0 mg/1) inhibited growth in a dose dependent manner and 
at the highest concentration of cadmium (1.0 mg/1) growth 
was negligible (Figure 4, Table 3). Biomass measurements 
(mg dry wt./l) were subsequently converted to their log (10) 
values in order to calculate the generation time (g) of 
cadmium exposed cultures (Figure 5, Table 4). The cal¬ 
culated g values reflected the previous conclusions, with 
cadmium concentrations of 0.05, 0.10, and 0.20 mg/1 
characterized by generation times similar to that of the 
control (ca. 130 hours. Table 5). Higher cadmium levels 
(0.40, 0.50, 0.80, and 1.0 mg/1) resulted in larger g 
values, with the increase in generation time being directly 
related to the increase in cadmium concentration (Table 5). 
An analysis of variance ("two-factor experiment with 
repeated measures on one factor"; see Winer, 1962) was 
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Nitrogen Source N, Number of frebicteU Cadmium Measured Caomium 
Heplicates Cone, (mg /I ) Cone, (mg /I ) 
3 0.00 0.00 
3 .05 .07 
3 .10 .12 
NOo 3 .20 .24 
0 
3 .40 .45 
3 .50 .55 
3 .30 .89 
3 1.00 1.10 
3 0.00 0.00 
3 .05 .05 
3 .10 .10 
N2 3 .20 .22 
3 .40 .44 
3 .50 .55 
3 .80 .88 
3 1.00 1.05 
Table 2. Cadmium concentrations of uninoculated 
flasks of nitrate replete medium (BG—11, nitrogen source 
= NO3) and nitrate free medium (BG—11-0, nitrogen source 
= N2) after addition of cadmium nitrate (Cd(N03)2-4H20) 
stock solution. Each flask was supplied with a 50 ^1 
aliquot of a highly concentrated cadmium stock solution 
formulated to provide the predicted cadmium concentrations 
listed. Actual cadmium concentrations (as measured by 
atomic absorption spectroscopy) are listed for comparison. 
N value (number of replicates) reflects the number of 
individual uninoculated flasks assayed per cadmium 
concentration listed. 
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Fig. 4. Growth curves showing growth inhibition 
of Gloeothece ATCC 27152 cultured in nitrate replete 
iTiedium (5G—11) after exposure to cadmium (concentrations 
shown). Initial cell concentration was 61.87 mg dry wt./ 
1. See Table 3 for standard error of the mean 
values about each data point. 
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Table 3. Growth of Gloeothece ATCC 27152 cultured 
in nitrate replete medium (BG-11) after exposure to 
cadmium (concentrations listed). N value (number of 
replicates) reflects the number of individual culture 
flasks sampled per cadmium concentration during each 
observation period. 
NOTE: s/'fN = standard error of the mean 
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Cadmium Cone. 
Ug /I ) 
0.0 
(Control) 
.05 
.10 
.20 
.40 
.50 
.80 
1.0 
N, Number of Time After X, Cell Cone. s s/fH 
Replicates Inoculation (mg dry wt./ 
(hours) 1 ) 
3 0 61.87 .98 .57 
3 24 68.67 1.15 .66 
3 72 89.70 2.79 1.61 
3 120 115.97 1.53 .88 
3 168 140.57 3.46 2.00 
3 216 191.47 7.96 4.60 
3 264 257.33 5.01 2.89 
3 0 61.87 .98 .57 
3 24 70.53 .64 .37 
3 72 89.87 1.68 .97 
3 120 112.60 1.49 .86 
3 168 144.67 3.44 1.99 
3 216 192.77 4.78 2.76 
3 264 249.47 10.56 6.10 
3 0 61.87 .98 .57 
3 24 69.57 .64 .37 
3 72 91.77 4.82 2.78 
3 120 115.77 4.55 2.62 
3 168 149.37 10.43 6.02 
3 216 195.60 12.14 7.01 
3 264 259.80 16.89 9.75 
3 0 61.87 .98 .57 
3 24 69.03 .86 .50 
3 72 88.73 1.33 .77 
3 120 116.13 5.42 3.13 
3 168 143.17 8.54 4.93 
3 216 192.20 14.60 8.43 
3 264 252.07 19.97 11.53 
3 0 61.87 .98 .57 
3 24 69.77 .55 .32 
3 72 87.40 .35 .20 
3 120 112.40 3.13 1.81 
3 168 141.13 3.97 2.29 
3 216 170.97 2.39 1.38 
3 264 202.50 2.33 1.34 
3 0 61.87 .98 .57 
3 24 67.90 1.84 1.06 
3 72 85.93 1.78 1.03 
3 120 106.03 2.68 1.55 
3 168 119.00 1.41 .82 
3 216 138.50 1.49 .86 
3 264 155.97 6.44 3.72 
3 0 61.87 .98 .57 
3 24 63.97 .87 .50 
3 72 74.87 .55 .32 
3 120 84.03 3.10 1.79 
3 168 88.73 2.16 1.25 
3 216 95.33 4.33 2.50 
3 264 98.33 4.60 2.66 
3 0 61.87 .98 .57 
3 24 66.60 .35 .20 
3 72 72.97 .87 .50 
3 120 79.33 1.47 .85 
3 168 80.50 1.10 .64 
3 216 81.03 1.65 .95 
3 264 83.83 2.60 1.50 
Table 3 
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Fig. 5. Growth curves showing growth inhibition 
of Gloeothece ATCC 27152 cultured in nitrate replete 
medium (BG-11) after exposure to cadmium (concentrations 
shown). The original cell concentrations (mg dry wt./l) 
have been transformed to log(lO) values in order to 
calculate generation time (g). See Table 5 for respective 
regression line equations, correlation coefficients, 
and g values. 
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Table 4. Growth of _ 
in nitrate replete medium (BG-11) 
cadmium (concentrations listed). 
concentrations (mg dry wt./l, see 
transformed to log(lO) values in order 
Gloeothece ATCC 27152 cultured 
after exposure to 
The original cell 
Table 3) have been 
to calculate 
generation time (g). N value (number of replicates) 
reflects the number of individual culture flasks sampled 
per cadmium concentration during each observation period. 
See Table 5 for respective regression line equations, 
correlation coefficients, and g values, 
NOTE; s/fN = standard error of the mean 
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Cadmium Cone, 
(mg /I ) 
0.0 
(Control) 
.05 
.10 
.20 
.40 
.50 
.80 
1.0 
N, NumOer of Time After X, Log(lO) Cell s s/fH 
Replicates Inoculation Cone, (mg dry 
(hours) wt./l ) 
3 0 1.791 .007 .004 
3 24 1.837 .007 .004 
3 72 1.953 .013 .008 
3 120 2.064 .006 .003 
3 168 2.148 .011 .006 
3 216 2.282 .018 .011 
3 264 2.410 .009 .005 
3 0 1.791 .007 .004 
3 24 1.848 .004 .002 
3 72 1.954 .008 .005 
3 120 2.052 .006 .003 
3 168 2.160 .010 .006 
3 216 2.285 .011 .006 
3 264 2.397 .018 .011 
3 0 1.791 .007 .004 
3 24 1.842 .004 .002 
3 72 1.962 .023 .013 
3 120 2.063 .017 .010 
3 168 2.174 .031 .018 
3 216 2.291 .027 .016 
3 264 2.414 .029 .017 
3 0 1.791 .007 .004 
3 24 1.840 .005 .003 
3 72 1.948 .007 .004 
3 120 2.065 .020 .012 
3 168 2.155 .026 .015 
3 216 2.283 .033 .019 
3 264 2.401 .034 .020 
3 0 1.791 .007 .004 
3 24 1.844 .003 .002 
3 72 1.942 .002 .001 
3 120 2.051 .012 .007 
3 168 2.150 .012 .007 
3 216 2.233 .006 .004 
3 264 2.306 .005 .003 
3 0 1.791 .007 .004 
3 24 1.832 .012 .007 
3 72 1.934 .009 .005 
3 120 2.025 .011 .006 
3 168 2.076 .005 .003 
3 216 2.141 .005 .003 
3 264 2.193 .018 .011 
3 0 1.791 .007 .004 
3 24 1.806 .006 .003 
3 72 1.874 .003 .002 
3 120 1.924 .016 .009 
3 168 1.948 .011 .006 
3 216 1.979 .020 .012 
3 264 1.992 .020 .012 
3 0 1.791 .007 .004 
3 24 1.824 .002 .001 
3 72 1.863 .005 .003 
3 120 1.899 .008 .005 
3 168 1.906 .006 .004 
3 216 1.909 .009 .005 
3 264 1.923 .014 .008 
Table 4 
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Cadmium Cone, 
(mg /I ) 
N, Number of 
Observations 
Regression Line r ^ -1 
(hour 
8 
(hours) 
0.0 7 y = .002316 X 1.78364 .9985 .005334 129.9 
.05 7 Y = .002279 X + 1.78845 .9995 .005247 132.1 
.10 7 Y = .002343 X + 1.78819 .9997 .005395 128.5 
.20 7 Y = .002304 X + 1.78482 .9994 .005307 130.6 
.40 7 Y = .002002 X + 1.79677 .9979 .004611 150.3 
■ .50 7 Y = .001538 X + 1.80917 .9919 .003542 195.7 
.80 7 Y = .000799 X 1.80374 .9765 .001839 376.8 
1.0 7 Y s .000468 X + 1.81587 .9299 .001077 643.3 
Table 5. Regression line equations, correlation 
coefficients,^ (growth rate constant), and g (generation 
time) derived from growth curves of Gloeothece ATCC 27152 
exposed to cadmium (concentrations listed). The results 
shown are from cultures grown in nitrate replete medium 
(BG-11). N value (number of observations) reflects the 
number of individual biomass determinations performed 
over time which are used to construct the regression 
line for each cadmium concentration listed. See Figure 
5 for a graphical representation of the regression lines. 
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subsequently performed on the data from this growth inhibi¬ 
tion assay (Table 6). In the first section of the analysis, 
the sum of squares attributed to cadmium concentration is 
partitioned into seven single degree of freedom contrasts 
(i.e. Control vs. Treatment One, etc.) in order to compare 
cyanobacterial biomass (mg dry wt./l) obtained at each level 
of cadmium tested with that of the control. In these single 
degree of freedom contrasts, the effect of time upon growth 
(measured as cyanobacterial biomass, mg dry wt./l) is not 
considered; each contrast is simply based upon a comparison 
of the means of biomass determinations obtained at each of 
the seven observation periods (0, 24, 72, 120, 168, 216, and 
264 hours) for a single cadmium concentration and the 
control. Each contrast supports the previous conclusions; 
that is, the calculated F values indicate that cadmium 
concentrations of 0.05, 0.10, and 0.20 mg/1 cadmium produce 
no significant difference in cyanobacterial biomass from 
that of the control, while 0.40, 0.50, 0.80, and 1.0 mg/1 
cadmium all result in significant differences from the 
control. The second group of contrasts in the analysis 
(i.e. T X Control vs. Treatment One, etc.) also supports 
the previous conclusions, but does so in a much more ele¬ 
gant manner by including the effect of time (i.e. the 
variation of biomass over the seven observation periods). 
Rather than simply averaging biomass over time for each 
cadmium concentration tested, these latter contrasts also 
Analysis of Variance 
Source of Variation d.f. SS HS F 
Control vs. Treatment One 1 3.0943 3.0943 .03 
Control vs. Treatment Two 1 70.7202 70.7202 .74 
Control vs. Treatment Three 1 1.2002 1.2002 .01 
Control vs. Treatment Four 1 1355.4800 1355.4800 14.18* 
Control vs. Treatment Five 1 7765.6000 7765.6000 81.23* 
Control vs. Treatment Six 1 27530.2000 27530.2000 287.97* 
Control vs. Treatment Seven 1 34188.6000 34188.6000 357.62* 
C (Cadmium Cone.) 7 86555.9099 12365.1299 129.34* 
Error 16 1529.6286 95.6018 
T X Control vs. Treatment One 6 139.7520 23,2921 1.15 
T X Control vs. Treatment Two 6 87.8748 14.6458 .72 
T X Control vs. Treatment Three 6 52.9981 8.8330 .44 
T X Control vs. Treatment Four 6 3814.2500 635.7090 31.32* 
T X Control vs. Treatment Five 6 12723.3000 2120.5400 104.46* 
T X Control vs. Treatment Six 6 30176.5000 5029.4200 247.77* 
T X Control vs. Treatment Seven 6 37109.4000 6184.9100 304.69* 
T (Time) 6 342622.6291 57103.7715 2813.11* 
T X C 42 93435.6671 2224.6587 109.59* 
Error 96 1948.7181 20.2992 
Table 6. Analysis of variance of growth (mg cell 
dry wt./l) of Gloeothece ATCC 27152 cultured in nitrate 
replete medium (BG-11) and exposed to various levels of 
cadmium. The descriptions: Control, Treatment One, 
Treatment Two, Treatment Three, Treatment Four, 
Treatment Five, Treatment Six, and Treatment Seven 
refer to 0.0, .05, .10, .20, .40, .50, .80, and 1.0 
mg/1 cadmium, respectively. 
NOTE: " *■ denotes a significant difference at the 
.05 level 
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examine the biomass change from one observation period to 
the next at each level of cadmium tested with that change 
present in the control. It is obvious that this latter 
approach is much more descriptive and appropriate when 
comparing growth of cultures over time. This second 
series of contrasts also supports the previous conclusions, 
i.e. cadmium concentrations of 0.05, 0.10, and 0.20 mg 
cadmium/1 do not produce a significant difference in bio¬ 
mass over the seven observation periods when compared to 
the biomass changes of the control. However, the F values 
for 0.40, 0.50, 0.80, and 1.0 mg cadmium/1 all indicate a 
significant difference in the biomass increase over time 
when compared to that of the control. 
A second toxicity assay examined the effect of cadmium 
upon the growth of Gloeothece ATCC 27152 cultured in nitrate 
free mediumi(BG-11-0). Cyanobacterial cultures grown in 
this medium demonstrated a response to cadmium similar to 
those grown with a combined nitrogen source (i.e. BG-11). 
Once again, cadmium concentrations of 0.05, 0.10, and 0.20 
mg cadmium/1 had no effect on the growth of cultures (as 
compared to the control) throughout the 11-day duration 
of the experiment (Figure 6, Table 7). Higher concentra¬ 
tions of cadmium (0.40, 0.50, 0.80, and 1.0 mg cadmium/1) 
also inhibited growth in a dose dependent manner, with the 
highest concentration of cadmium (1.0 mg/1) resulting in 
negligible growth (Figure 6, Table 7). Biomass measurements 
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Fig. 6. Growth curves showing growth inhibition 
of Gloeothece ATCC 27152 cultured in nitrate free medium 
(BG-11-0) after exposure to cadmium (concentrations 
shown). Initial cell concentration was 60.77 mg dry wt./l. 
See Table 7 for standard error of the mean (s/l/1?) values 
about each data point. 
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Table 7. Growth of Gloeothece ATCC 27152 cultured 
in nitrate free medium (BG-11-0) after exposure to cadmium 
(concentrations listed). N value (number of replicates) 
reflects the number of individual culture flasks sampled 
per cadmium concentration during each observation period. 
NOTE: s/fW = standard error of the mean 
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Cadmium Cone, 
(mg yi ) 
0.0 
(Control) 
.05 
.10 
.20 
.40 
.50 
.30 
1.0 
N, Number of Time After X, Cell Cone. s s/\fN 
Replicates Inoculation (mg dry wt./ 
(hours) 1 ) 
3 0 60.77 1.15 .66 
3 24 66.60 1.15 .67 
3 72 76.70 1.41 .82 
3 120 98.87 1.19 .09 
3 168 117.10 6.38 3.68 
3 216 155.57 1.78 1.03 
3 264 189.17 2.60 1.50 
3 0 60.77 1.15 . 66 
3 24 70.50 .35 .20 
3 72 77.o7 1.53 .88 
3 120 91.17 2.25 1.30 
3 loa 122.33 6.60 3.81 
3 216 156.70 7.02 4.05 
3 264 191.63 1.19 .69 
3 0 60.77 1.15 . 66 
3 24 70.17 .64 .37 
3 72 75.60 1.74 1.00 
3 120 94.93 1.33 .77 
3 168 121.97 5.14 2.97 
3 216 157.27 7.98 4.61 
3 264 182.63 8.85 5.11 
3 0 60.77 1.15 .66 
3 24 70.13 .86 .50 
3 72 75.23 2.16 1.25 
3 120 97.60 2.79 1.61 
3 168 118.23 7.79 4.50 
3 216 150.70 13.76 7.95 
3 264 186.00 15.42 8.90 
3 0 60.77 1.15 .66 
3 24 70.70 1.41 .82 
3 72 73.90 2.82 1.63 
3 120 84.47 .98 .57 
3 168 108.83 1.82 • 1.05 
3 216 132.10 3.11 1.79 
3 264 158.03 5.96 3.44 
3 0 60.77 1.15 .66 
3 24 69.60 .35 .20 
3 72 72.60 1.10 . 64 
3 120 84.23 1.72 1.00 
3 168 103.03 5.01 2.89 
3 216 124.77 4.57 2.64 
3 264 143.03 .98 .57 
3 0 60.77 1.15 . 66 
3 24 66.00 1.41 .82 
3 72 64.33 1.19 .09 
3 120 75.07 1.96 1.13 
3 168 75.07 2.35 1.35 
3 216 79.77 .64 .37 
3 264 81.43 .86 .50 
3 0 60.77 1.15 .66 
3 24 66.40 .60 .35 
3 72 65.10 1.74 1.00 
3 120 71.10 1.15 .67 
3 168 71.83 1.62 .93 
3 216 76.17 1.14 .66 
3 264 76.33 1.96 1.13 
Table 7 
69 
(mg dry wt./l) for these nitrate free cultures were also 
converted to their log (10) values and generation times (g) 
were calculated (Figure 1, Table 8). These calculated g 
values also reflect the previous conclusions, with cadmium 
concentrations of 0.05, 0.10, and 0.20 mg cadmium/1 
resulting in generation times comparable to that of the 
control (ca. 160 hours. Table 9). An analysis of variance 
was also performed on the data from this nitrate free 
(BG-11-0) growth assay using a statistical design identical 
to that of the previous nitrate replete (BG-11) analysis of 
variance (Table 10). As before, the initial section of the 
ANOVA table contains seven single degree of freedom con¬ 
trasts which compare the means of biomass determinations 
obtained at each of the seven observation periods (0, 24, 
72, 120, 168, 216, and 264 hours) for a single cadmium 
concentration and the control. The results of these single 
degree of freedom contrasts also support the previous 
conclusions, as the calculated F values indicate that 
cadmium concentrations of 0.05, 0.10, and 0.20 mg cadmium/1 
result in no significant difference in biomass from the 
control, while 0.40, 0.50, 0.80, and 1.0 mg cadmium/1 all 
produce a significant difference from the control. The 
second section of the analysis of variance, which examines 
the interaction of time with the aforementioned contrasts, 
also supports the previous conclusions with the calculated 
F values indicating that 0.05, 0.10, and 0.20 mg cadmium/1 
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Fig. 7. Growth curves showing growth inhibition 
of Gloeothece ATCC 27152 cultured in nitrate free medium 
(BG-11-0) after exposure to cadmium (concentrations 
shown). The original cell concentrations (mg dry wt./l) 
have been transformed to log(lO) values in order to 
calculate generation time (g). See Table 9 for respective 
regression line equations, correlation coefficients, and 
g values. 
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Table 8. Growth of Gloeothece ATCC 27152 cultured 
in nitrate free medium (BG-11-0) after exposure to cadmium 
(concentrations listed). The original cell concentrations 
(mg dry wt./l, see Table 7) have been transformed to 
log(lO) values in order to calculate generation time (g). 
N value (number of replicates) reflects the number of 
individual culture flasks sampled per cadmium concentration 
during each observation period. See Table 9 for respective 
regression line equations, correlation coefficients, and g 
values. 
NOTE: s/^ = standard error of the mean 
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Cadmium Cone. N, Number of Time After 
(mg /I ) Replieates Inooulation 
(hours) 
3 0, 
3 24 
3 72 
0.0 3 120 
(Control) 3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
.05 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
.10 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
.20 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
.40 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
.50 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 o
 
C
O
 • 3 120 
3 168 
3 216 
3 264 
3 0 
3 24 
3 72 
1.0 3 120 
3 168 
3 216 
3 264 
X, Log(lO) Cell s s/V¥ 
Cone, (mg dry 
wt./l ) 
1.784 .008 .005 
1.823 .008 .004 
1.885 .008 .005 
1.995 .005 .003 
2.068 .024 .014 
2.192 .005 .003 
2.277 .006 .003 
1.784 .008 .005 
1.848 .002 .001 
1.890 .009 .005 
1.960 .011 .006 
2.087 .023 .013 
2.195 .020 .011 
2.282 .003 .002 
1.784 .008 .005 
1.846 .004 .002 
1.878 .010 .006 
1.977 .006 .004 
2.086 .018 .011 
2.196 .022 .013 
2.261 .021 .012 
1.784 .008 .005 
1.846 .005 .003 
1.876 .012' .007 
1.989 .012 .007 
2.072 .028 .016 
2.177 .039 .023 
2.269 .036 .021 
1.784 .008 .005 
1.849 .009 .005 
1.368 .002 .096 
1.927 .005 .003 
2.037 .007 .004 
2.121 .001 .059 
2.199 .002 .094 
1.784 .008 .005 
1.343 .002 .001 
1.861 .007 .004 
1.925 .009 .005 
2.013 .021 .021 
2.096 .016 .009 
2.155 .003 .002 
1.784 .008 .005 
1.819 .009 .005 
1.808 .008 .005 
1.875 .011 .007 
1.875 .013 .008 
1.902 .003 .002 
1.911 .005 .003 
1.784 .008 .005 
1.822 .004 .002 
1.813 .012 .007 
1.852 .007 .004 
1.356 .010 .006 
1.882 .007 .004 
1.883 .011 .006 
Table 8 
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Cadmium Cone, 
(mg /I ) 
N, Number of 
Observations 
Regression Line r 
(hour) 
g 
(hours) 
0.0 7 Y = .001892 X + 1.77000 .9968 .004358 159.0 
in 
o
 • 7 y = .001880 X 1.77478 .9922 .004329 160.1 
.10 7 Y = .001844 X + 1.77683 .9936 .004246 163.2 
.20 7 Y = .001825 X 1.77695 .9948 .004203 164.9 
.40 7 Y = .001539 X + 1.77934 .9885 .003544 195.5 
.50 7 Y = .001395 X + 1.78169 .9913 .003213 215.7 
.80 7 Y = .000477 X + 1.79477 .9506 .001099 630.6 
1.0 7 Y .000355 X + 1.79800 .9488 .000816 848.9 
Table 9, Regression line equations, correlation 
coefficients,^(growth rate constant), and g (generation 
time) derived from growth curves of Gloeothece ATCC 27152 
exposed to cadmium (concentrations listed). The results 
shown are from cultures grown in nitrate free medium 
(BG-11-0). N value (number of observations) reflects 
the number of individual biomass determinations performed 
over time which are used to construct the regression line 
for each cadmium concentration listed. See Figure 7 for 
a graphical representation of the regression lines. 
Analysis of Variance 
Source of Variation d.f. SS MS F 
Control vs. Treatment One 1 7.7143 7.7143 .17 
Control vs. Treatment Two 1 .4402 .4402 .01 
Control vs. Treatment Three 1 7.9736 7.9736 .17 
Control vs. Treatment Four 1 1236.6300 1236.6300 26.76* 
Control vs. Treatment Five 1 2441.1400 2441.1400 52.83* 
Control vs. Treatment Six 1 14746.9000 14746.9000 319.12* 
Control vs. Treatment Seven 1 16449.8000 16449.8000 355.97* 
C (Cadmium Cone.) 7 41728.8295 5961.2614 129.00* 
Error 16 739.3886 46.2118 
T X Control vs. Treatment One 6 157.5720 26.2621 2.07 
T X Control vs. Treatment Two 6 147.5510 24.5919 1.94 
T X Control vs. Treatment Three 6 68.8814 11.4802 .90 
T X Control vs. Treatment Four 6 1493.8500 248.9740 19.61* 
T X Control vs. Treatment Five 6 2830.9700 471.8280 37.16* 
T X Control vs. Treatment Six 6 15011.1000 2501.8500 197.02* 
T X Control vs. Treatment Seven 6 16535.7000 2755.9500 217.03* 
T (Time) 6 163429.7648 27238.2941 2145.02* 
T X C 42 41452.6476 986.9678 77.72* 
Error 96 1219.0448 12.6984 
Table 10. Analysis of variance of growth (mg 
cell dry wt./l) of Gloeothece ATCC 27152 cultured in 
nitrate free medium (BG-11-0) and exposed to various 
levels of cadmium. The descriptions: Control, 
Treatment One, Treatment Two, Treatment Three, 
Treatment Four, Treatment Five, Treatment Six, and 
Treatment Seven refer to 0.0, .05, .10, .20, .40, 
.50, .80, and 1.0 mg/1 cadmium, respectively. 
NOTE: ” * " denotes a significant difference at the 
.05 level 
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produce no significant difference when compared to the 
control, while 0.40, 0.50, 0.80, and 1.0 mg cadmium/1 do 
result in a significant difference from the control. The 
similar response to cadmium of cultures grown in both 
nitrate replete (BG-11) and nitrate free (BG-11-0) medium 
can also be expressed as percent growth of the control, with 
the response of cultures differing very little throughout 
the range of cadmium concentrations tested (Table 11) . 
Although the growth response of cadmium exposed 
Gloeothece ATCC 27152 is similar whether cultured in 
nitrate replete (BG-11) or nitrate free (BG-11-0) medium, 
the actual growth rate of this organism differs greatly in 
accordance with the type of medium used. As previously 
discussed, the calculated generation time of cultures 
grown in nitrogen replete medium was approximately 130 
hours for control cultures and those exposed to low (0.05, 
0.10, and 0.20 mg/1) levels of cadmium, while corresponding 
cultures grown in nitrogen free medium yielded g values of 
approximately 160 hours. This variation in generation time 
is consistently reflected throughout the range of cadmium 
levels tested (Tables 5 and 9). A statistical analysis of 
variance ("three-factor experiment with repeated measures 
(Case II)"; see Winer, 1962) was also performed on the 
combined data from both of the previous assays to determine 
if this difference in growth rate was statistically 
significant (Table 12). The initial portion of this 
Nitrogen 
Source 
NO3 
N2 
Cadmium Cone. 
(mg /I ) 
Net Siomass Increase 
After 11 Days (mg. 
dry wt /I ) 
Net Growth ( 
of control; 
0.0 
(Control) 
195.47 100 
.05 187.60 9b 
.10 197.93 101 
.20 190.20 97 
.40 140.63 72 
.50 94.10 48 
.80 36.47 19 
1.0 21.97 11 
0.0 
(Control) 
128.40 100 
.05 130.87 102 
.10 121.87 95 
.20 125.23 98 
.40 97.27 76 
.50 82.27 64 
.80 20.67 16 
1.0 15.57 12 
Table 11. A comparison of growth (mg dry wt./l) 
of Gloeothece ATCC 27152 cultured in nitrate replete 
medium (BG-11, nitrogen source = NO3) and nitrate free 
medium (BG-11-0, nitrogen source = N2) after exposure 
to selected concentrations of cadmium for 264 hours 
(11 days). Control growth = 100 %. 
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Analysis of Variance 
Source of variation d.f. SS MS F 
Nitrogen Source at 0.0 mg Cd/1 1 5540.7100 5540.7100 78.33* 
Nitrogen Source at .05 mg Cd/1 1 4885.9300 4885.9300 69.07* 
Nitrogen Source at .10 mg Cd/1 1 6973.7500 6973.7500 98.58* 
Nitrogen Source at .20 mg Cd/1 1 5800.9800 5800.9800 82.00* 
Nitrogen Source at .40 mg Cd/1 1 5197.0400 5197.0400 73.47* 
Nitrogen Source at ,50 mg Cd/1 1 1276.0100 1276.0100 18.04* 
Nitrogen Source at .80 mg Cd/1 1 897.0190 897.0190 12.68* 
Nitrogen Source at 1.0 mg Cd/l 1 316.5260 316.5260 4.47* 
C (Cadmium Cone.) 7 123736.2519 17676.6074 249.88* 
N (Nitrogen Source) 1 26399.6157 26399.6157 373.20* 
C X N 7 4488.3402 641.1915 9.06* 
Error 32 2263.6600 70.7394 
T X Nitrogen Source at 0.0 mg Cd/1, 6 4888.9100 814.8190 49.17* 
T X Nitrogen Source at .05 mg Cd/1 6 3744.6400 624.1070 37.66* 
T X Nitrogen Source at .10 mg Cd/1 6 6334.0400 1055.6700. 63.70* 
T X Nitrogen Source at .20 mg Cd/1 6 5054.3400 842.3910 50.83* 
T X Nitrogen Source at .40 mg Cd/1 6 3054.2200 509,0370 30.72* 
T X Nitrogen Source at .50 mg Cd/1 6 625.8860 104.3140 6.29* 
T X Nitrogen Source at .30 mg Cd/1 6 470.0890 78.3482 4.73* 
T X Nitrogen Source at 1.0 mg Cd/1 6 112.4260 18.7376 1.13 
T (Time) 6 489111.9928 81518.6655 4919.07* 
T X C 42 128009.7963 3047.8523 183.92* 
T X N 6 17353.6028 2892.2671 174.53* 
T X C X N 42 6930.9596 165.0229 9.96* 
Error 192 3181.8200 16,5720 
Table 12. Analysis of variance of growth (mg cell 
dry wt./l) of Gloeothece ATCC 27152 cultured in nitrate 
replete medium (BG-11, nitrogen source = NO3) and nitrate 
free medium (BG-11-0, nitrogen source = N2) after exposure 
to various levels of cadmium (concentrations shown). Data 
from separate growth assays utilizing nitrate replete vs. 
nitrate free medium have been combined and analyzed in 
order to examine the effect of nitrogen source on growth 
rate. 
NOTE: " * '• denotes a significant difference at the .05 
level 
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analysis contains seven single degree of freedom contrasts 
which compare the two culture regimes (i.e. nitrate 
replete medium vs. nitrate free medium) for each cadmium 
concentration tested. As previously discussed, these single 
degree of freedom contrasts do not take time into effect, 
with each contrast simply based upon a comparison of the 
means of biomass determinations (mg dry wt./l) obtained for 
the seven observation periods per cadmium concentration 
tested. The results of these contrasts indicate that at 
each of the eight cadmium levels tested, there is a 
significant difference in cyanobacterial growth depending 
upon the nitrogen source utilized (BG-11, nitrogen source = 
NO^; BG-11-0, nitrogen source = N2). Like the previous 
analysis of variance, the lower section of this combined 
ANOVA table also contains contrasts which examine the 
interaction of time with cyanobacterial growth. The 
calculated F values for these latter contrasts also indi¬ 
cate that a significant difference due to nitrogen source 
does exist at cadmium concentrations of 0 - .80 mg/1, but 
at the highest level of cadmium tested (1.0 mg/1) a signi¬ 
ficant difference no longer exists. Apparently, this 
concentration of cadmium is so toxic to Gloeothece ATCC 
27152 that the variation in nitrogen source becomes unim¬ 
portant . 
During each of the previous growth inhibition assays, 
the pH of the growing cyanobacterial cultures was 
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concurrently monitored. Initially, the pH of uninoculated 
flasks of nitrogen replete medium and nitrogen free medium 
(supplied with cadmium at concentrations used in the growth 
inhibition assays, 0-1.0 mg/1) was measured to establish 
baseline pH values for the corresponding cadmium exposed 
cyanobacterial cultures (Table 13). The pH of uninoculated 
flasks of medium (either BG-11 or BG-11-0) did not vary 
throughout a 264 hour (11 day) exposure period under incu¬ 
bation conditions identical to that of the growing cultures 
(unpublished data). However, cyanobacterial cultures grown 
in both nitrate replete (BG-11) and nitrate free (BG-11-0) 
medium displayed marked increases in pH during the course 
of each growth inhibition assay. Cultures grown in nitrate 
replete medium (BG-11) showed a greater increase in pH over 
time, with this increase in pH dependent upon the cyano¬ 
bacterial biomass present, and thus upon the given cadmium 
concentration (Figure 8, Table 14). Those cultures 
supplied with nitrate free medium (BG-11-0) were also 
characterized by an increase in pH throughout the duration 
of the assay, which was also dependent upon the cyanobac- 
terial biomass present and the cadmium concentration 
(Figure 9, Table 15). As expected, because of the lesser 
increase in biomass, these nitrate free cultures demon¬ 
strated a much smaller increase in pH over time than the 
corresponding nitrate replete cultures. The relationship 
between cell concentration (biomass) and pH can be 
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Nitrogen Source 
NO3 
N2 
Cadmium Cone. 
(mg /I ) 
0.0 
.05 
.10 
.20 
.40 
.50 
.80 
1.0 
0.0 
.05 
.10 
.20 
.40 
.50 
.30 
1.0 
N, Number of 
Replicates 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
pH (of pooled 
replicates) 
7.39 
7.38 
7.33 
7.35 
7.29 
7.31 
7.29 
7.17 
7.44 
7.45 
7.42 
7.48 
7.41 
7.48 
7.42 
7.44 
Table 13. pH of uninoculated flasks of nitrate 
replete medium (BG-11, nitrogen source = NO3) and 
nitrate free medium (BG-11-0, nitrogen source = N2) 
after addition of cadmium nitrate (Cd(NO3)p•4H2O) stock 
solution. Each flask was supplied with a BO >^1 aliquot 
of a highly concentrated cadmium stock solution formulated 
to provide the final cadmium concentrations (mg/1) listed. 
N value (number of replicates) reflects the number of 
individual uninoculated flasks assayed per cadmium 
concentration listed. 
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Fig. 8. 
Gloeothece ATCC 
pH changes of growing cultures of 
27152 cultured in nitrate replete medium 
(BG-11) after exposure to cadmium (concentrations 
shown). Each data point is the measured pH of three 
pooled replicates. The initial pH measurement was 
performed 24 hours after cultures were inoculated. See 
Table 13 for pH values of uninoculated medium. 
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Figure 8 
84 
of 
in 
cultures 
replete 
of Gloeothece Table 14. pH growing _ 
ATCC 27152 cultured nitrate medium (BG-11) 
after exposure to cadmium (concentrations listed). One 
ml aliquots of cyanobacterial culture taken from 
individual flasks were pooled to form a single three ml 
sample; the pH of this pooled sample was then 
determined. The initial pH measurements were performed 
24 hours after cultures were inoculated. N value 
(number of replicates) reflects the number of individual 
culture flasks sampled per cadmium concentration during 
each observation perioa. See Figure 8 for a graphical 
representation of the data. 
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Cadmium Cone. N, Number of Time After X, Cell Cone. pH (of poo 
(mg /I ) Replicates Inoculation 
(hours) 
(mg dry wt./ 
1 ) 
replicates 
3 24 68.67 7.84 
3 72 89.70 7.80 
0.0 3 120 115.97 7.81 
(Control) 3 168 140.57 8.16 
3 216 191.47 8.40 
3 264 257.33 8.72 
3 24 70.53 7.82 
3 72 89.87 7.79 
.05 3 120 112.60 7.86 
3 168 144.67 8.14 
3 216 192.77 8.62 
3 264 249.47 8.76 
3 24 69.57 7.52 
3 72 91.77 7.73 
.10 3 120 115.77 8.07 
3 168 149.37 8.42 
3 216 195.60 8.69 
3 264 259.80 8.90 
3 24 69.03 7.85 
3 72 88.73 7.82 
.20 3 120 116.13 7.98 
3 168 143.17 8.20 
3 216 192.20 8.41 
3 264 252.07 8.54 
3 24 69.77 7.64 
3 72 87.40 7.75 
.40 3 120 112.40 7.96 
3 168 141.13 8.31 
3 216 170.97 8.61 
3 264 202.50 8.37 
3 24 67.90 7.78 
3 72 85.93 7.80 
.50 3 120 106.03 7.88 
3 168 119.00 7.93 
3 216 138.50 7.99 
3 264 155.97 8.11 
3 24 63.97 7.68 
3 72 74.87 7.60 
.80 3 120 84.03 7.60 
3 168 88.73 7.77 
3 216 95.33 7.79 
3 264 98.33 7.85 
3 24 66.60 7.72 
3 72 *72.97 7.67 
1.0 3 120 79.33 7.58 
3 168 80.50 7.82 
3 216 81.03 7.69 
3 264 83.83 7.59 
Table 14 
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Fig. 
Gloeothece 
9. pH changes of growing cultures of 
_ATCC 27152 cultured in nitrate free medi 
(BG-11-0) after exposure to cadmium (concentrations 
shown). Each data point is the measured pH of thre 
pooled replicates. The initial pH measurement was 
performed 24 hours after cultures were inoculated. 
See Table 13 for pH values of uninoculated medium. 
urn 
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ATCC 
Table 
27152 
15 pH 
cultured. 
of 
in 
growing 
nitrate 
cultures of 
free medium 
Gloeothece 
(BG-11-0) 
after exposure to cadmium (concentrations listed). 
One ml aliquots of cyanobacterial culture taken from 
individual flasks were pooled to form a single three 
ml sample; the pH of this pooled sample was then 
determined. The initial pH measurements were performed 
24 hours after cultures were inoculated. See Figure 9 
for a graphical representation of the data. 
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Cadmium Cone, 
(mg /I ) 
0.0 
(Control) 
.05 
.10 
.20 
.40 
.50 
.80 
1.0 
N, Number of Time After X, Cell Cone. pH (of pooled 
Replicates Inoculation (mg dry wt./ replicates) 
(hours) 1 ) 
3 24 66.60 7.81 
3 72 76.70 7.75 
3 120 98.87 7.94 
3 168 117.10 7.96 
3 216 155.57 8.00 
3 264 189.17 8.23 
3 24 70.50 7.72 
3 72 77.67 7.76 
3 120 91.17 7.92 
3 168 122.33 7.95 
3 216 156.70 8.07 
3 264 191.63 8.33 
3 24 70.17 7.63 
3 72 75.60 7.78 
3 120 94,93 7.85 
3 168 121.97 7.87 
3 216 157.27 7.96 
3 264 182.63 8.21 
3 24 70.13 7.68 
3 72 75.23 7.81 
3 120 97.60 7.95 
3 168 118.23 7.94 
3 216 150.70 7.96 
3 264 186.00 8.19 
3 24 70.70 7.61 
3 72 73.90 7.61 
3 120 84.47 7.80 
3 168 108.83 7.83 
3 216 132.10 7.86 
3 264 158.03 7.95 
3 24 69.60 7.57 
3 72 72.60 7.57 
3 120 84.23 7.80 
3 168 103.03 7.67 
3 216 124.77 7.88 
3 264 143.03 7,92 
3 24 66.00 7.55 
3 72 64.33 7.58 
3 120 75.07 7.63 
3 168 75.07 7.65 
3 216 79.77 7.78 
3 264 81.43 7.76 
3 24 66.40 7.58 
3 72 65.10 7.61 
3 120 71.10 7.67 
3 168 71.83 7.65 
3 216 76.17 7.58 
3 264 76.33 7.60 
Table 15 
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portrayed graphically for cultures grown in both types of 
media (Figures 10 and 11). These figures clearly show that 
cultures grown in nitrate replete medium display a greater 
increase in pH per unit biomass (slope of regression 
equation = .0062) than those grown in nitrate free medium 
(slope of regression equation = .0046). 
A second biomass measurement plot was constructed to 
define the relationship between biomass (cell counts/ml 
g 
X 10 ) and culture optical density at 450 nm (Figure 12, 
Table 16). Cyanobacterial biomass (measured as optical 
density at 450 nm) from the previous growth inhibition 
assays was converted to cell counts which were used in the 
calculation of EC (50) values (EC (50) refers to the 
effective concentration of a toxicant which inhibits the 
growth of an organism by 50 percent). A description of the 
growth response of Gloeothece ATCC 27152 cultured in nitrate 
replete medium (BG-*11, nitrogen source = NO^) is presented 
in Table 17. The values of log (10) cadmium concentration 
and probit response listed therein were used to construct 
a regression line which yielded a 264 hour EC (50) for 
cadmium of 0.51 mg/1 (+) .0003 mg/1 (Figure 13). This 
value represents the concentration of cadmium which 
inhibits the growth of Gloeothece ATCC 27152 by 50 percent 
when grown in nitrate replete medium (BG-11) for 264 hours 
(11 days). The growth response of Gloeothece ATCC 27152 
cultured in nitrate free medium (BG-11-0, nitrogen source 
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Fig. 10. Relationship between cell concentration 
' (mg dry wt./l) and pH of cyanobacterial cultures grown in 
nitrate replete medium (BG-11) over the entire range of 
cadmium concentrations tested (0.0 - 1.0 mg/1). The 
regression equation is: Y = .0062 X + 7.2525; r = .9431; 
and N = 48. 
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Fig. 11. Relationship between cell concentration 
(mg dry wt./l) and pH of cyanobacterial cultures grown 
in nitrate free medium (BG-11-0) over the entire range 
of cadmium concentrations tested (0.0 - 1.0 mg/1). The 
regression equation is: Y = .0046 X + 7.3452; r = .9092; 
and N = 48. 
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Fig. 12, Biomass measurement plot showing 
correlation between cyanobacterial culture optical 
density at 450 nm and cell count (cells/ml X 10°). 
regression equation is: Y = .0353 X + .0561; r = . 
N = 6. 
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Figure 12 
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Cell Cone. 
(O.D. at 
N, Number of 
Replicate 
X, Cell Counts 
(cells/ml X 10^) 
s s/v^TT 
450 nm) Counts 
.070 3 0.40 .10 .06 
.096 3 1.20 .26 .13 
.111 3 1.60 .30 .17 
.125 3 1.70 .56 .32 
.151 3 3.00 .51 .30 
.190 3 3.60 .45 .26 
Table 16. Biomass measurements establishing the 
correlation between cyanobacterial culture density at 
450 nm and cell counts (cells/rnl X 10^). N value 
(number of replicate counts) reflects the number of 
individual enumerations performea on the same culture 
flask, 
NOTE: s/fW= standard error of the mean 
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Nitrogen 
Source 
Cadmium Cone, 
(mg /I ) 
Log(lO) Cadmium 
Cone. 
% Response Empirical 
Probit 
.40 -.398 72.0 5.5828 
NO 3 .50 -.301 48.1 4.9524 
.80 -.097 18.7 4.1110 
.40 -.398 75.8 5.6999 
N2 .50 -.301 64.1 5.3611 
.80 -.097 16.1 4.0096 
Table 17. Estimation of EC(50) values from percent 
response of Gloeothece ATCC 27152 cultured in nitrate 
replete medium (BG-11, nitrogen source = NO3) and nitrate 
free medium (BG-11-0, nitrogen source = N2) after exposure 
to selected concentrations of caamium for a 264 hour 
(11 day) period. Percent response refers to the net 
biomass increase (mg dry wt./l) of caamium exposed 
cultures as compared to the control cultures (control = 
100 %) , Empirical probit values after Finney (1962'). 
See Figures 13 and 14 for graphical representation of 
data, regression lines, ana EC(50) values. 
the 
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Fig. 13. Regression line of growth response 
of Gloeothece ATCC 27152 grown in nitrate replete medium 
(3G-11) and exposea to selected concentrations of cadmium 
for 264 hours (11 days). The regression equation is: 
Y = -4.7718 X + 3.6160; r = -.9928; N = 3; logEC(50) = 
-.2900; slogEC(50) = .00023; S.E. = .0003; EC(50) = 
.51 mg/1 t .0003 mg/1. 
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= N2) is also presented in Table 17. The regression line 
constructed using this data resulted in a 264 hour EC (50) 
for cadmium of 0.55 mg/1 (+) .0003 mg/1 (Figure 14). As 
before, this value represents the concentration of cadmium 
which inhibited the growth of Gloeothece ATCC 27152 by 50 
percent when cultured in nitrate free medium (BG-11-0) for 
an exposure period of 264 hours (11 days). The close 
agreement of these two calculated EC (50) values indicates 
that the toxicity of cadmium toward Gloeothece ATCC 27152 
is similar when cultures are grown with a combined nitrogen 
source (BG-11) or while fixing atmospheric nitrogen 
(BG-11-0) and supports the previously discussed statistical 
analyses of variance performed on data generated under both 
growth regimes (Tables 6 and 10). 
The results of the study performed to determine the 
effects of long-term (144 hour) cadmium exposure to nitro¬ 
gen fixation by cultures of Gloeothece ATCC 27152 grown in 
nitrate free medium (BG-11-0) are listed in Table 18. 
Nitrogen fixation was determined by the acetylene reduction 
technique, and expressed as nanomoles of ethylene produced/ 
mg cell dry wt./min. A description of ethylene production 
at each cadmium concentration tested (0.20 and 0.50 mg/1) 
as a percent of the control production is also provided 
(Table 18). An analysis of variance (single-factor 
experiment; see Winer, 1962) was performed to determine if 
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Fig. 14. Regression line of growth response of 
Gloeothece ATCC 27152 grown in nitrate free medium 
(5G—11-0) and exposed to selectea concentrations of 
cadmium for 264 hours (11 days). The regression 
equation is: Y = -5.7712 X + 3,4922; r = -.9915; N = 3; 
log£C(50) = -.2613; slog£C(50) = .00020; S.£. = .0003; 
£0(50) = .55 mg/1 ± .0003 mg/1. 
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Figure 14 
104 
Cadmium Cone, 
(mg /I ) 
N, Number of 
Replicate 
Determinations 
X, Ethylene Proauction 
(nmoles ethylene/mg 
cell ary wt./min.) 
s s/fiT Ethylene 
Produc tion 
(.% of 
control) 
0.0 
(control) 
3 .1070 .0165 .0095 100 
.20 3 .0827 .0067 .0039 77 
.50 3 .0294 .0067 .0039 28 
Table 18. Ethylene production (nanomoles ethylene 
produced/mg cell dry wt./min) by Gloeothece ATCC 27152 
culturea in nitrate free medium (BG-11-0, nitrogen source 
= N2) after exposure to cadmium (concentrations listed) 
for 144 hours (6 days). N value (number of replicate- 
determinations) reflects the number of individual culture 
flasks sampled per cadmium concentration. Control ethylene 
production = 100 %. 
NOTE: s/ /¥ = standard error of the mean 
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both levels of cadmium tested resulted in a significant 
reduction in ethylene production from that of the 
control (Table 19). The treatment sum of squares (cadmium 
concentration) is partitioned into two single degree of 
freedom contrasts which compare control ethylene production 
to that of the respective cadmium treatments. The calcu¬ 
lated F values indicate that both 0.20 and 0.50 mg cadmiun\/l 
produce a significant reduction in ethylene production 
(i.e. nitrogen fixation). It is interesting to note that 
a comparison of the ANOVA tables for growth in nitrate 
free medium (Table 10) and ethylene production (Table 19) 
indicates that under the conditions of exposure used in 
this investigation, cadmium has a more pronounced effect 
on nitrogen fixation than on growth. This is illustrated 
by the fact that in the nitrate free growth ANOVA (Table 
10), a cadmium concentration of 0.20 mg/1 produces no 
significant reduction in growth from that of the control, 
while in the ANOVA for ethylene production (Table 19), 
a cadmium concentration of 0.20 mg/1 produces a significant 
reduction in ethylene production from that of the control. 
This conclusion is also reflected by the tables presenting 
both growth and ethylene production as a percentage of 
their control values (Tables 11 and 18, respectively). The 
net growth of Gloeothece ATCC 27152 cultured in nitrate 
free medium (BG-11-0) exposed to cadmium (0.20 and 0.50 
Analysis of Variance 
Source of Variation d.f. SS 'AS F 
Control vs. Treatment One 1 .0009 .0009 7.29* 
Control vs. Treatment Two 1 .0090 .0090 74,72* 
Treatment (Cadmium Cone.) 2 .0100 .0047 39.11* 
Experimental Error 6 .0007 .0001 
Table 19. Analysis of variance of ethylene 
production (nanomoles ethylene produced/mg cell dry 
wt./min) by Gloeothece ATCC 27152 cultured in nitrate 
free medium (BG-11-0, nitrogen source = N2) and 
exposed to various levels of cadmium for 144 hours 
(6 days). The descriptions: Control, Treatment One, 
and Treatment Two refer to 0.0, .20, and .50 mg/1 
cadmium, respectively. 
NOTE: " * ” denotes a significant difference at the 
.05 level 
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mg/1) for a 264 hour (11 day) period is 98 percent and 
64 percent, respectively, while ethylene production (i.e. 
nitrogen fixation) following a 144 hour (6 day) exposure 
to the same levels of cadmium is 77 percent and 28 percent 
of the control, respectively. 
While control cultures of Gloeothece ATCC 27152 and 
cultures exposed to low levels of cadmium (0.05, 0.10, and 
0.20 mg/1) for 264 hours were characterized by normal 
cellular structure and pigmentation (Figures 15 and 17), 
those cultures exposed to higher levels of cadmium (0.40, 
0.50, 0.80, and 1.0 mg/1) for the same time period consis¬ 
tently displayed morphological abnormalities and a chlorotic 
appearance (Figures 16 and 18). These abnormalities were 
apparent in cultures grown in both nitrate replete medium 
(BG-11, Figure 16) and nitrate free medium (BG-11-0, 
Figure 19). At the lower range of cadmium concentrations 
adversely affecting growth (0.40 and 0.50 mg/1), many micro¬ 
colonies were characterized by concentric layers of sheath 
surrounding cells and large amounts of empty space within 
the sheath (Figure 16, "A" and "B"; Figure 18, "A" and 
"B"). The highest levels of cadmium tested (0.80 and 1.0 
mg/1) often resulted in microcolonies containing a 
majority of dead cells (Figure 16, "C" and "D"; Figure 18, 
"C" and "D"). It is interesting to note that although 
cultures exposed to 0.20 mg cadmium/1 were characterized 
by a significant reduction in nitrogen fixation, the same 
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Pig, 15, Micrbcoloni6s of GIogothccs ATCC 27152 
(X 1000) cultured in nitrate replete medium (BG-11) 
after exposure to no cadmium (control, see "a” and ' b ) 
and .20 mg/1 cadmium ("c” and "d") for 264 hours (11 
days). Note the well defined multilaminate sheaths 
enclosing the individual cells.and cell aggregates. 
Bar in "a" = lO/^m. 
Figure 15 
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Fig. 16. Wicrocolonies of Gloeothece ATCC 27152 
(X 1000) cultured in nitrate replete medium (BG-11) 
after exposure to .50 mg/1 cadmium ("a” and "b"), 
.80 mg/1 cadmium ("c”), and 1.0 mg/1 cadmium C'd”) for 
264 hours (11 days). Both concentric layers of sheath 
surrounding cells or cell groups ("a") and large amounts 
of empty space within the sheath ("b") were morphological 
abnormalities commonly induced by intermediate levels 
(.40 and .50 mg/1) of cadmium. At higher levels of 
cadmium (.80 and 1.0 mg/1), some or all of the cells in 
each microcolony were often completely deactivated 
("c” and "d"). Bar in "a" = 10 
111 
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Fig. 17. Hicrocolonies of Gloeothece ATCC 
27152 (X 1000) cultured in nitrate free medium (BG-11-0) 
after exposure to no cadmium (control, see "a” and "b") 
and .10 mg/1 cadmium ("c" and "d”) for 264 hours 
(11 days). Note the well defined multilaminate sheaths 
enclosing the individual cells and cell aggregates. 
Bar in "a" = 10 xm. 
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Fig. 18. Microcolonies of Gloeothece ATCC 27152 
(X 1000) cultured in nitrate free medium (BG-11-0) 
after exposure to .50 mg/1 cadmium ("a") and .80 mg/1 
cadmium ("b", "c", and "d”). Both concentric layers 
of sheath surrounding cells or cell groups ('’a” and 
"b”) and large amounts of empty space within the sheath 
('’b”) were morphological abnormalities commonly induced 
by intermediate levels (.40 and .50 mg/l) of cadmium. 
At higher levels of cadmium (.80 and 1.0 mg/l), some 
or all of the cells in each microcolony were often 
completely deactivated ("c” and "d"). Bar in "a" = 
10 yo^m. 
Figure 18 
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concentration of cadmium produced no apparent morphological 
abnormalities after a 264 hour exposure period. 
CHAPTER V 
DISCUSSION 
The initial portion of this study examined the effect 
of selected concentrations of cadmium upon the growth of 
the cyanobacterium Gloeothece ATCC 27152. A number of 
other workers have also studied Gloeothece, although not 
specifically examining heavy metal toxicity. An investiga¬ 
tion using Gloeocapsa strain LB 795 and Gloeocapsa strain 
6501 produced generation times of 100 hours with cultures 
grown either using a combined nitrogen source (nitrate) 
or fixing atmospheric nitrogen; cells were grown at low 
light levels (500 lux or less) to prevent bleaching of the 
phycobiliprotein pigments due to excess light (Rippka et 
al., 1971). A second study supporting these results con¬ 
cluded that the growth of Gloeothece strain 6909 using a 
combined nitrogen source (nitrate) or fixing atmospheric 
nitrogen was similar as long as cultures were grown under 
microaerobic conditions and at light intensities less than 
500 lux. These researchers reported a minimum generation 
time of 40 hours under these conditions (Kallas'et al., 
1983). An attempt was made to mimic these growth condi¬ 
tions, because comparable growth rates in nitrogen replete 
(BG-11; NO^ as nitrogen source) and nitrogen free (BG-11-0; 
N2 as nitrogen source) medium would allow a direct 
comparison to be made of the relative sensitivity of cells 
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under each growth regime to cadmium. Despite these efforts, 
the large differences in generation time (for the controls, 
g = 130 hours with nitrate vs. 160 hours fixing nitrogen) 
indicated that under the growth conditions provided, 
cultures supplied with combined nitrogen grew faster than 
those fixing atmospheric nitrogen. Both of the previous 
studies used at least some cultures grown under micro- 
aerobic (i.e. sparged with 95.5 percent N2 - 0.5 percent 
CO^) conditions, with results indicating that comparable 
growth rates could be achieved by maintaining low oxygen 
tensions, hence minimizing any deactivation of the nitro- 
genase complex (Kallas et al., 1983). Continuous sparging 
with artificial atmospheres was not considered feasible 
in our laboratory, with cultures instead continuously 
shaken to ensure adequate gas exchange and good contact of 
the cells with the toxicant. 
A number of additional studies using Gloeothece high¬ 
light the importance of strain variations. A group of 
researchers using Gloeothece LB 795 reported a doubling 
time of 51 hours using nitrate free medium and an illumina¬ 
tion of 2500 - 3500 lux (Gallon, LaRue, and Kurz, 1972). 
The same group reported a generation time of 65 hours using 
Gloeocapsa sp. 27152 and Gloeocapsa sp. LB 795 under similar 
culture conditions (Gallon, LaRue, and Kurz, 1974). Using 
Gloeocapsa CCAP sp. 1430/3 with an illumination of 2500 lux 
and nitrate free medium a generation time of 72-80 hours 
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was reported (Millineaux, Gallon, and Chaplin, 1981). It 
is curious that while one group of researchers cautions 
against using light intensities greater than 1000 lux, a 
second group performing growth assays at 2500 lux reports 
no such bleaching of pigments. Indeed, this matter is 
addressed by Kallas when she states that "It may be possible 
to obtain faster growing mutants by selecting for increased 
tolerance to high light" (Kallas et al., 1983). The 
confusion in the nomenclature surrounding Gloeothece has 
already been discussed, and undoubtedly this confusion 
extends to the genetic makeup of the strains actually used. 
Cyanobacteria, although commonly included as members of 
the phytoplankton, are prokaryotes and must be maintained 
as such in the laboratory to prevent undue and unaccounted 
for mutation. It is possible that any inconsistencies in 
the literature could be resolved if cultures were obtained 
from one common source (i.e. the American Type Culture 
Collection). 
The previous difficulties confronted when attempting 
to make comparisons between different studies utilizing 
Gloeothece as an assay organism are slight compared to 
those present when comparing results of various cadmium 
toxicity assays using members of the phytoplankton com¬ 
munity. Meaningful comparisons among these results are 
limited due to the wide range of test organisms and assay 
conditions used. When cultured in nitrate replete BG-11 
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medium (nitrogen source = NO^) using continuously shaken 
2 
batch cultures with an irradiance of 1.6 watts/m (= 500 
lux using cool white fluorescent lights) at 26°C over an 
11-day period the growth of Gloeothece ATCC 27152 was not 
inhibited by cadmium concentrations of 0.05 “ 0.20 mg 
cadmium/1, while higher cadmium levels (0.40 - 1.0 mg/1) 
inhibited growth in a dose dependent manner. Under the 
same conditions using nitrate free medium (BG-11-0, fixing 
atmospheric nitrogen) Gloeothece ATCC 27152 displayed the 
same relative tolerance to cadmium, i.e. concentrations 
of 0.05 - 0.20 mg/1 did not significantly inhibit growth 
in a dose dependent manner. The 264 hour EC (50) 's 
obtained using both nitrogen replete (BG-11) and nitrogen 
free (BG-ll-O) medium reflected this uniform response to 
cadmium, with values of 0.51 mg cadmium/1 and 0.55 mg 
cadmium/1, respectively. It should be noted that the 
slope of the probit regression line describing growth 
response in nitrate replete (BG-ll) medium (-4.7718) is 
less than that of the regression line characterizing 
nitrate free medium (-5.7712); this difference in dose 
response relationship indicates that even though both 
nitrogen regimes provide similar EC (50) values using 
cadmium, cultures fixing atmospheric nitrogen are more 
sensitive to cadmium over the critical concentration range 
(values used to construct the probit regression line, i.e. 
0.40 - 0.80 mg cadmium/1) than those grown with nitrate 
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(Klaassen and Doull, 1980; Rachlin, Warkentine, and Jensen, 
1982). As previously mentioned, the literature reveals a 
wide range of results from various cadmium toxicity assays. 
In studies using green algae (chlorophytes), cadmium concen¬ 
trations as low as 6.10 yg cadmium/1 significantly affected 
the growth of Scenedesmus quadricauda cultured using Bold's 
basal medium in batch cultured still flasks over a 16-day 
period (Klass, Rowe, and Massaro, 1974). A second group of 
researchers using Scenedesmus obliquus reported that cad¬ 
mium concentrations up to 1.0 mg cadmium/1 had no signifi¬ 
cant effect on growth using modified Bristol's medium and 
batch cultured still flasks over a 14-day period (Cain, 
Paschal, and Hayden, 1980). The diatoms (Bacillariophytes) 
also display a wide variation in response. A cadmium 
concentration of only 2 yg cadmium/1 reduced the population 
growth rate of the diatom Asterionella formosa by an ordep 
of magnitude when grown in continuous culture using a 
chemostat and synthetic lake water medium over a 6-23 day 
period (Conway, 1978) . In comparison, the diatom Navicula 
incerta, when batch cultured with periodic shaking using 
modified LDM medium yielded a 96-hour EC (50) of 3.01 (+) 
0.01 mg cadmium/1 (Rachlin, Jensen, and Warkentine, 1983). 
The cyanobacteria (cyanophytes) also exhibit a wide variety 
of response to cadmium. Levels as low as 0.03 - 0.05 mg 
cadmium/1 significantly lowered the 12-day growth yield of 
Anabaena inequalis cultured in modified BG-11 medium using 
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batch cultured still flasks (Stratton and Corke, 1979). 
In another study, 10.0 mg cadmium/1 caused only slight 
growth inhibition of Merismopedia glauca insignis 
cultured in stationary flasks using modified ASM-1 medium 
sparged with air over a seven-day period (Sparling, 1968) . 
Studies using unicellular cyanobacteria morphologically 
similar to Gloeothece (but unable to fix atmospheric 
nitrogen) are few. The unicellular cyanobacterium 
Gloeocapsa alpicola cultured in modified ASM-1 medium using 
stationary flasks sparged with air displayed an inhibition 
in growth which increased from 20 percent at 0.50 mg 
cadmium/1 to 60 percent at 10.0 mg cadmium/ (Sparling, 
1968). A second unicellular form, Chrooccoccus paris, 
cultured in BG-11 medium using shaken batch cultures over 
a 10-day period showed no growth inhibition at 0.40 mg 
cadmium/1, with complete growth inhibition at 1.0 mg 
cadmium/1 (Les and Walker, 1984). The literature contains 
no studies examining differential toxicity in cyanobacteria 
(supplied with combined nitrogen vs. fixing atmospheric 
nitrogen) towards cadmium or any other heavy metals. 
It is unfortunate that although a relatively large 
body of information exists describing cadmium toxicity to 
phytoplankton, the diversity of assay conditions and 
organisms used prohibits any pervasive conclusions to be 
drawn regarding this data base. That variations in growth 
conditions affect the results of metal toxicity assays is 
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no revelation. These variations include differences in 
culture regimes (i.e. batch vs. continuous) and media 
composition (Morel et al., 1979; Wong, Chau, and Patel, 
1983). Other modifying factors include temperature, pH, 
light intensity, ion interactions, precipitation, adsorp¬ 
tion, and complexation by both inorganic and organic 
ligands (Gadd and Griffiths, 1978; Wong, Mayfield, and Chau, 
1980; Babich and Stotsky, 1983). The type of organism used 
in each study is also of crucial importance, as profound 
differences in cadmium toxicity have been noted among 
various members of the phytoplankton during growth inhibi¬ 
tion assays using consistent exposure conditions (Rachlin 
et al., 1984). These variations in toxic response are 
supported by studies which reveal an intraspecies variation 
in the uptake of cadmium by various members of the phyto¬ 
plankton (Briand, Trucco, and Ramamoorthy, 1978; Jennett, 
Smith, and Hassett, 1983). Another factor of great impor¬ 
tance is the ability of many members of the phytoplankton, 
including the unicellular cyanobacterium Gloeocapsa alpi- 
cola, to produce extracellular metabolites (siderophores) 
that are able to complex metals (McKnight and Morel, 1979). 
In addition, structural differences among phytoplankton 
may profoundly affect their ability to withstand any given 
cadmium challenge. Among the diatoms, it was found that 
a significant percentage of added metal became associated 
with the frustule and its organic coating (Conway, 1978). 
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Gloeothece ATCC 27152 is characterized by prominent multi¬ 
laminate sheaths which encompass cell aggregates and entire 
microcolonies. Studies of the sheath of Gloeothece PCC 
6501 have revealed it to be composed of acidic polysac¬ 
charides with a 4 percent protein content (Vaara, 1982; 
Jurgens and Weckesser, 1985). Preliminary findings in our 
laboratory have confirmed these findings using Gloeothece 
ATCC 27152 (B. Tease, Personal communication, 1985) . These 
polysaccharides are capable of ion exchange reactions 
through which heavy metals can be bound (Dudman, 1977). 
Indeed, experiments strongly suggest that the short-term 
binding (i.e. within 15 minutes) of cadmium by both 
Gloeothece ATCC 27152 and the morphologically similar 
cyanobacterium Chroococcus paris involve adsorption to the 
sheath material, rather than an intracellular uptake pro¬ 
cess (Les and Walker, 1985; Dobbs, 1984). It is obvious 
that the results of toxicity studies using organisms 
possessing large amounts of external layers (i.e. a sheath, 
glycocalyx, or capsule) would have to be weighed carefully 
against those from organisms lacking such structures. 
Despite the aforementioned variations in culture conditions 
and organisms among phytoplankton toxicity assays, it 
should not be assumed that any comparison among results is 
\ 
impossible. A series of assays performed using standardized 
culture conditions indicated that among the phytoplankton, 
the order of sensitivity towards cadmium (from least to most 
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sensitive) was diatoms << green algae<cyanobacteria 
(Rachlin et al., 1984). It is obvious that further efforts 
should be made to standardize metal toxicity assays among 
the phytoplankton so that more meaningful comparisons can 
be made. Perhaps a set of methods as outlined in the 
Selanastrum capricornutum Algal Assay Bottle Test could be 
adapted to serve as some useful guidelines in this matter 
(Miller, Green, and Shiroyama, 1978). This need for 
congruity is recognized; indeed, a recent publication 
stated: "To provide appropriate data that can be 
assimilated into regulatory policy, it is essential that 
microbial ecotoxicity tests be standardized...." (Babich 
and Stotzky, 1985). 
The increase in the pH of Gloeothece ATCC 27152 cul¬ 
tures during the course of this study is by no means a 
revelation. Indeed, pH values as high as 10 have been 
reported in surface waters supporting dense algal blooms. 
This rise in pH is caused by the removal of carbon dioxide 
by photosynthesis, with a concomitant shift in alkalinity 
from the bicarbonate to carbonate forms, and finally to 
hydroxide (Sawyer and McCarty, 1978). A recent publication 
examining this phenomenon in batch cultures of cyanobacteria 
demonstrated that by manipulating the concentrations of CO2 
supplied in a gas sparging mixture, high growth rates could 
be maintained without a photosynthetic pH increase (Ward, 
1985). A second factor contributing toward the pH increase 
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of cultures is nitrate assimilation (Fogg et al., 1983; 
Brewer and Goldman, 1976; Stewart, 1980). The pH change 
due to nitrate assimilation is independent of that caused 
by photosynthesis and has been quantitated in cultures of 
the green alga Scenedesmus obliquus (Hofslagare et al., 
1983; Hofslagare, Samuelsson, and Sjoberg, 1985). 
To ensure the availability of carbon dioxide to growing 
cultures (i.e. maintain a pH <8.5), it is recommended that 
optimal culture:flask ratios be used with aeration supplied 
by either sparging with air (or an air/C02 mixture) or by 
shaking culture vessels (Miller, Green, and Shiroyama, 
1978). Both optimal ratios (i.e. 20 percent maximum culture 
volume per total flask volume) and continuous shaking were 
employed in the growth assays utilizing Gloeothece ATCC 
27152. The highest pH reached by cultures supplied with 
nitrate (BG-11) which displayed no growth inhibition (i.e. 
0.0, 0.05., 0.10, and 0.2 0 mg cadmium/1) throughout an 11- 
day incubation period was 8.90; comparable cultures grown 
without nitrate (i.e. fixing atmospheric nitrogen; BG-11-0) 
demonstrated a pH maximum of 8.33 during an equal incuba¬ 
tion period. It is interesting to recall the previously 
discussed observation that cultures grown in nitrate 
replete medium (BG-11) showed a greater increase in pH 
per unit biomass (slope of regression equation = .0062) 
than those grown in nitrate free medium (slope of regression 
equation = .0046). This variation in pH increase per unit 
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biomass between the two culture regimes may possibly be 
attributed to the aforementioned independent pH increase 
due to nitrate assimilation (Hofslagare et al., 1983; 
Hofslagare, Samuelsson, and Sjoberg, 1985) . 
The pH of phytoplankton cultures exposed to cadmium 
during growth inhibition assays may determine the degree of 
toxic response elicited. A number of researchers have 
demonstrated a definite but inconsistent relationship 
between pH and cadmium toxicity. Cadmium was more toxic 
to the growth of the green alga Chlorella pyrenoidosa at a 
pH of 8.3 than at pH 7.6 and 6.6 (Gipps and Coller, 1980). 
In a like manner, a 200-fold increase in cadmium toxicity 
to phosphorous uptake in the green alga Scenedesmus quadri- 
cauda was noted with increasing pH over the range 5.5 - 
8.5 (Peterson, Healey, and Wagemann, 1984). Conversely, 
cadmium toxicity has also been shown to decrease with 
-7 
increasing pH. A cadmium concentration of 5.6 x 10 M 
was less toxic to the green alga Coelastrum proboscideum at 
pH 6.2 than at pH 5.3 and 4.3 (Muller and Payer, 1979). 
This trend was also apparent in the green alga Chlorella 
I 
pyrenoidosa, with cadmium toxicity greater at pH 7 than at 
pH 8 (Hart and Scaife, 1977). The growth response of the 
cyanobacterium Nostoc calicola also displayed a decreased 
sensitivity to cadmium as the pH was increased from 6 to 
9 (Singh and Pandey, 1981). Other investigators have 
examined the pH of growing phytoplankton cultures over 
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time, with the primary motive being to demonstrate that 
differences in growth reponse were directly attributable 
to differences in heavy metal concentration, and not due to 
pH variations alone (Rosko and Rachlin, 1975; 1977). It is 
interesting to note that cadmium uptake by phytoplankton 
has also been shown to be a pH dependent phenomenon 
(Sakaguchi et al., 1979; Hassett, Jennett, and Smith, 1981; 
Stary and Kratzer, 1982; Les and Walker, 1984). Neverthe¬ 
less, the pH increases which occur throughout the duration 
of a batch type growth inhibition assay probably have 
little effect upon heavy metal uptake, because the majority 
of metal introduced under similar conditions is usually 
bound in an extremely short period of time (ca. 15 minutes) 
by phytoplankton (Geisweid and Urbach, 1982; Khummongkol, 
Canterford, and Fryer, 1982; Les and Walker, 1984). It was 
beyond the scope of this research to correlate variations 
in cadmium toxicity with those of pH; however, the pH was 
monitored to document the variations in assay conditions 
which do occur during the course of a batch type experiment. 
The ability of Gloeothece ATCC 27152 to fix nitrogen 
aerobically without the development of specialized cells is 
enigmatic, and a large number of studies have been per¬ 
formed to clarify this phenomenon. It is unfortunate that 
the baseline data describing acetylene reduction from these 
studies are often presented using incomparable units. The 
original publication detailing nitrogen fixation by axenic 
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cultures of Gloeothece sp. lUCC (now UTEX) 795 contains a 
value of 0.112 nanomoles of ethylene produced mg/cell dry 
wt./min. (Wyatt and Silvey, 1969). Other published values 
include 3.77 nanomoles acetylene reduced mg cell protein/ 
min. and 21.5 nanomoles acetylene reduced/min./mg cell 
protein (Gallon, Kurz, and LaRue, 1973; Kallas et al., 
1983). In addition, other investigators have expressed 
results per ml of cell suspension (27.0 picomoles of acety¬ 
lene reduced/min./ml cells; Gallon, Ul-Haque, and Chaplin, 
1978) or in terms of cell number (0.17 nanomoles ethylene 
g 
produced/min./lO cells; Gallon, LaRue, and Kurz, 1974). 
In this study ethylene production was expressed as nanomoles 
of ethylene produced/mg cell dry wt./min. in an effort to 
1 
minimize any arbitrariness in technique (recall the 
previous discussion of difficulties encountered when 
enumerating Gloeothece cells) and to ensure comparability 
of results with the literature. The control (i.e. no 
cadmium added) value for nitrogen fixation obtained in this 
study (.1070 nanomoles ethylene produced/mg cell dry wt./ 
min.) compares well with that originally obtained by Wyatt 
and Silvey. It is obvious that future investigations 
should make every possible effort to standardize units when 
reporting results; and results based upon cell dry weight 
or cell protein (including a factor relating protein 
content to total cell dry weight) would seem to be less 
arbitrary than reporting in terms of cell numbers. 
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Studies examining the toxicity of cadmium towards 
cyanobacterial nitrogen fixation have not included nonheter- 
ocystous, unicellular forms. Indeed, in comparison to 
growth inhibition studies, a relative paucity of informa¬ 
tion exists detailing the interaction of heavy metals and 
nitrogen fixation (Babich and Stotzky, 1985). The results 
of acetylene reduction assays using Gloeothece ATCC 27152 
grown in cadmium containing medium for six days indicate 
that cadmium concentrations of 0.20 and 0.50 mg cadmium 
both produced a significant decrease in ethylene production 
(i.e. nitrogen fixation) from that of the control. Since 
growth of cultures in nitrate free medium (BG-11-0, 
cultures fixing atmospheric nitrogen) supplied with 0.20 mg 
cadmium/1 was not significantly different from control 
growth over an eleven day period, the preliminary conclu¬ 
sion drawn is that under these conditions, nitrogen fixa¬ 
tion in Gloeothece is more sensitive to cadmium than growth. 
A study using the filamentous and heterocystous cyano¬ 
bacterium Anabaena cylindrica Lemm. indicated a reversed 
order of sensitivity, with growth affected by 1.0 mg 
cadmium/1, while 2.0 mg cadmium/1 was required to inhibit 
nitrogen fixation (Delmotte, 1980) . Another investigation 
using a different species of Anabaena (Anabaena inequalis) 
concluded that the inhibitory effect of cadmium upon 
growth (measured as cell yield at day 12) was greater than 
that upon photosynthesis or nitrogen fixation (determined 
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via acetylene reduction after 5 hours exposure to cadmium) 
(Stratton and Corke, 1979). However, in this same study, 
a dramatic increase in the toxicity of cadmium to nitrogen 
fixation was noted after preincubation of the cells with 
the toxicant. Cultures which had been growing for 14 days 
in the presence of 0.05 mg cadmium/1 had their acetylene 
reducing ability inhibited by 70 percent, while under the 
same conditions photosynthesis was not significantly 
altered. Those cultures grown in the presence of 0.05 mg 
cadmium/1 over a twelve-day period also displayed a 
significant reduction in growth from that of the control. 
Unfortunately, a quantitative comparison of the relative 
sensitivity of growth and nitrogen fixation to cadmium 
under these long-term exposure conditions was not included 
(Stratton and Corke, 1979). Nevertheless, this study 
indicates that assays examining the effect of cadmium upon 
nitrogen fixation should be run over periods long enough 
to expose any time dependent effect which may not be 
apparent in brief assays. Even in short-term assays, a 
definite temporal relationship has been noted between 
length of cadmium exposure and inhibition of nitrogen 
fixation (Becker, 1983). In addition, more studies are 
needed to define the overall importance of nonheterocys- 
tous cyanobacterial nitrogen fixation to the environment, 
as well as the effects of heavy metals upon this 
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phenomenon, and upon prokaryotic nitrogen fixation as a 
whole. 
As previously stated, a preliminary conclusion drawn 
from this study is that under the growth regimes and assay 
conditions employed, nitrogen fixation is more sensitive 
to cadmium than growth. Nevertheless, this reduction in 
nitrogen input does not seem to be crucial to the cell 
because growth in nitrate free medium (BG-ll-O) is not 
diminished at the same cadmium concentration (0.20 mg 
cadmium/1) causing a reduction in nitrogen fixation. In 
addition, the EC(50)'s for both growth regimes (nitrate 
replete medium = 0.51 mg cadmium/1; nitrate free medium 
= 0.55 mg cadmium/1) indicate a similar sensitivity to 
cadmium whether grown on a combined nitrogen source or 
fixing atmospheric nitrogen. A possible explanation for 
these results is as follows: In Gloeothece, atmospheric 
nitrogen is fixed by the nitrogenase complex (i.e. reduced 
to ammonia) which is subsequently assimilated via the 
glutamine synthetase - glutamate synthase (GS-GOGAT) 
Pathway (Gallon, 1980). Diazotrophic cyanobacteria grown 
in the presence of a combined nitrogen source (i.e. 
nitrate) do not fix atmospheric nitrogen; nitrate enters 
the cell and is also reduced to ammonia via a series of 
enzymatic reactions (NO^” —> —> NH^), with each step 
mediated by, respectively, nitrate reductase and nitrite 
reductase (Losada and Guerrero, 1979). The ammonia product 
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of these reactions is also assimilated by the cell via the 
GS-GOGAT pathway. A group of investigators examining 
cadmium toxicity to the green algae Scenedesmus obliquus 
_7 
found that low concentrations of cadmium (1.0 x 10 M) 
adversely affected nitrate assimilation (Hofslagare et al., 
1985). A second group of workers found that nitrate uptake 
by the unicellular cyanobacterium Anacystis nidulans was 
also inhibited by cadmium (Singh and Yadara, 1983). In 
light of these results, it is possible that the toxic 
effect of cadmium is exerted upon an enzyme of the GS-GOGAT 
pathway, or upon the enzyme systems supplying ATP and 
reductant to the pathway. Complex biomacromolecules (i.e. 
enzymes) contain many sites which are able to bind metal 
ions resulting in an activation (or inhibition) of an 
enzyme system (Vallee and Ulmer, 1972; Eichorn, 1975). If 
ammonia assimilation (or that of any other pathway inter¬ 
mediate) were blocked in cultures supplied with nitrate, 
ammonia could build up and, in turn, repress nitrate reduc¬ 
tase activity and hence, the rate of nitrate assimilation 
thus inhibiting growth (Stevens and Van Baalen, 1970; 1974). 
Cultures grown without nitrate (i.e. fixing atmospheric 
nitrogen) could also display a similar decrease in growth 
due to cadmium induced intracellular ammonia accumulation, 
albeit via a different mechanism. Although the exact 
intracellular factors controlling nitrogenase activity are 
unknown, evidence exists that Gloeothece continually 
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synthesizes new nitrogenase to replace that which is 
deactivated by photosynthetically evolved oxygen, and it 
has also been shown that ammonia represses nitrogenase 
synthesis in Gloeothece (Gallon, 1980; Mullineaux, Chaplin, 
and Gallon, 1983), An intracellular buildup of ammonia 
in nitrogen fixing cultures could possibly cause a 
decreased synthesis of new nitrogenase, in turn decreasing 
the rate of nitrogen fixation. In this scenario of cadmium 
toxicity to Gloeothece, reduced nitrogen fixation would 
occur as an indirect manifestation of cadmium toxicity 
(i.e. the nitrogenase complex is not the site of action) 
and would not, in itself, have deleterious effects on 
the growth rate of the organism. However, a cadmium 
induced inhibition of nitrogen metabolism (i.e. blocking 
of the GS-GOGAT pathway with concomintant ammonia buildup) 
I 
could eventually result in cellular nitrogen deficiencies 
prompting a similar decrease in growth for both culture 
regimes (i.e. growth on nitrate or fixing atmospheric 
nitrogen) when challenged with equal concentrations of 
cadmium. 
Cultures of Gloeothece ATCC 27152 exposed to the 
intermediate levels of cadmium which significantly affect 
growth (i.e. 0.40 and 0.50 mg cadmium/1) displayed 
characteristic morphological abnormalities including the 
appearance of concentric layers of sheath surrounding cells 
or cell groups and large amounts of empty space within the 
sheath. Division abnormalities were noted in the cyano¬ 
bacterium Nostoc calicola at 2.0 mg cadmium/1 and it was 
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postulated that these aberrations were caused by cadmium 
binding to the portion of the cell genome regulating divi¬ 
sion (Singh and Pandey, 1979) . Nucleic acids, like pro¬ 
teins, contain a large number of sites to which metal ions 
can bind (Eichorn, 1975). In the case of Gloeothece, it 
appears that under sublethal cadmium stress sheath produc¬ 
tion often continues even after cell division has stopped. 
This could be due to a direct inhibition of the division 
process by cadmium, or it may be that the cell is able to 
continue producing sheath material even though division is 
slowed, or halted. As previously discussed, the sheath is 
composed of acidic polysaccharides with a 4 percent protein 
content (Vaara, 1982; Jurgens and Weckesser, 1985; B. Tease, 
personal communication, 1985) . Cultures of the cyanobac¬ 
terium Anacystis nidulans under conditions of nitrogen 
starvation still produced large intracellular reserves of 
polysaccharide (Allen and Smith, 1969) . If nitrogen 
assimilation is indeed the crucial biochemical event 
0 
inhibited by cadmium, perhaps Gloeothece can also continue 
to synthesize sheath polysaccharide material under 
sublethal cadmium stress. In addition, a group of investi¬ 
gators have also found that production of acidic extracell¬ 
ular polysaccharides by bacteria was stimulated by the 
presence of harmful concentrations of heavy metal salts in 
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media (Dudman, 1977). Nevertheless, it is doubtful that 
overproduction of sheath material by Gloeothece represents 
a true detoxification mechanism because microcolonies 
containing additional sheath material did not appear to be 
as large, or as viable looking, as those of control groups. 
It is interesting to note that electron micrographs of 
Gloeothece ATCC 27152 grown both on a combined nitrogen 
source and fixing atmospheric nitrogen contain prominent 
intracellular polyphosphate bodies (Rippka et al., 1971, 
Kallas et al., 1983). Electron micrographs obtained during 
the course of this research also reveal these structures 
(Figure 19). A variety of freshwater phytoplankton were 
exposed to selected concentrations of cadmium in an attempt 
to clarify the role of these bodies in cadmium uptake and 
intracellular compartmentalization. Cadmium exposed cells 
examined using energy dispersive x-ray analysis all showed 
emission spectra for cadmium in the polyphosphate body 
sectors. In addition, the ionic balance of cadmium 
treated cells was upset as evidenced by a shift in the 
normal ionic constituents of the polyphosphate bodies. 
In light of these results, the authors concluded that poly¬ 
phosphate bodies appeared to be a significant means of 
heavy metal sequestering in algae (Jensen et al., 1984). 
Additional research on this topic concluded that poly¬ 
phosphate bodies play a prominent role in the compartment¬ 
alization and mobilization of cadmium in the aquatic 
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Fig. 19. Thin sections of unstained ("a") and 
ruthenium red stained ("b") Gloeothece. ATCC 27152 
(X 14,400) cultured in nitrate replete medium (BG-ll) 
without exposure to cadmium. Note the extensive system 
of photosynthetic lamellae (L) within cell; the large 
electron dense structures are polyphosphate bodies (P;. 
Bar in "a" and "b" = 2/^m. 
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ecosystem (Rachlin et al., 1984). In light of these 
results, it is possible that the polyphosphate bodies of 
Gloeothece also play an important role in sequestering 
and detoxifying intracellular cadmium. A number of recent 
publications provide an excellent treatment of algal 
tolerance and detoxification mechanisms; the reader is 
referred to these for additional information on this 
subject (Gadd and Griffiths, 1978; Stokes, 1983). 
The cyanobacterium Gloeothece remains an enigmatic 
organism because of its ability to fix atmospheric nitrogen 
in a cell which is also able to photosynthetically evolve 
oxygen. A number of explanations have been proposed to 
explain this phenomenon, but it has yet to be proven which 
of these enable Gloeothece to fix nitrogen aerobically 
(Gallon, 1981). In order to clarify this matter, a number 
of definitive studies could be performed. A number of 
investigations have focused upon nitrogen starvation in 
cyanobacteria and the accompanying variations in cell 
structure and metabolism which occur in response to nitro¬ 
gen depletion. These studies have examined both non¬ 
nitrogen fixing unicellular forms, and nitrogen fixing 
heterocystous, filamentous forms (Allen and Smith, 1969; 
Allen and Hutchinson, 1980; Wood and Haselkorn, 1980). A 
similar study performed on Gloeothece is needed to document 
the changes occurring in a unicellular cyanobacterium which 
is able to fix nitrogen without the development of 
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specialized cells. For example, a degradation of the 
nitrogen rich phycobilin pigments is recognized as a 
response to nitrogen starvation in cyanobacteria (Kallas 
et al., 1983; Allen, 1984). One question arising from 
this observation is: At what degree of pigment degradation 
and intracellular free nitrogen concentration would 
Gloeothece nif (nitrogen fixation) genes be derepressed 
allowing the synthesis of nitrogenase and subsequent fixing 
of atmospheric nitrogen to restore the intracellular 
nitrogen balance? In addition, all of the studies 
examining the phenomenon of nitrogen fixation in Gloeothece 
have been performed using batch type cultures; indeed, one 
of the theories advanced to explain the ability of Gloeo¬ 
thece to fix nitrogen and photosynthetically evolve oxygen 
involves a temporal separation of the two processes 
(Gallon, 1981). Other studies examining nitrogen fixation 
by the cyanobacterium Plectonema boryanum in chemostat 
culture suggest that a temporal separation of the two 
processes is an artifact produced by batch culture condi¬ 
tions (Pearson and Howsley, 1980). This question was 
addressed by Kallas in a recent publication when she 
stated: "This issue could undoubtedly be clarified by 
chemostat studies on aerobic, nitrogen fixing Gloeothece 
cultures" (Kallas et al., 1983). 
Electron micrographs (thin sections) reveal a complex 
array of fine structure within Gloeothece ATCC 27152, with 
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the photosynthetic thylakoid lamellae strikingly apparent 
(Figure 19). In a recent book. Postgate proposes that this 
elaborate system of internal membranes may circumscribe 
an intracellular protective compartment allowing the 
segregation of nitrogen fixation and photosynthesis within 
Gloeothece (Postgate, 1982). An intriguing study examined 
the fine structure of the unicellular cyanobacterium 
Agmenellum quadruplicatum using HVEM (high voltage electron 
microscopy) followed by CARTOS (computer aided reconstruc¬ 
tion by tracing of sections). This elegant work revealed 
a degree of intracellular compartmentalization by the 
thylakoid membranes heretofore unheard of in a prokaryotic 
organism (Nierzwick-Bauer, Balkwill, and Stevens, 1983). 
A similar study performed on nitrogen fixing Gloeothece 
ATCC 27152 would undoubtedly shed some light on this matter. 
The effect of heavy metals upon the growth and nitrogen 
fixation of cyanobacteria should not be viewed as a merely 
esoteric area of research. The continued anthropogenic 
input of heavy metals into the ecosystem, as well as 
increasing worldwide demands for fixed nitrogen, merit 
further studies of heavy metal toxicity to diazotrophic 
microorganisms. In addition, the ability of the uni¬ 
cellular cyanobacterium Gloeothece ATCC 27152 to fix 
nitrogen aerobically without the development of specialized 
cells should make it a prime candidate for study in genetic 
manipulation. A large amount of current research is 
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attempting to elucidate a method to transfer the nitrogen 
fixing ability of microorganisms to higher plants, with the 
dream of developing plants which are able to fix their own 
nitrogen. One of the primary obstacles to this research is 
how and where in the plant to establish the appropriate 
environment for nitrogen fixation to operate with adequate 
protection from oxygen (Newton and Burgess, 1982). A 
comprehensive study of nitrogen fixation in Gloeothece ATCC 
27152 may reveal oxygen protection mechanisms providing 
researchers with a crucial key to this problem. 
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BG-11 Medium (Stanier et al., 1971) 
NaNO^ 
K2HPO4 
MgSO^-7H20 
CaCl2*2H20 
Citric Acid 
Ferric Ammonium Citrate 
EDTA (disodium magnesium 
Na2C02 
Trace-metal mix A5* 
Distilled H2O 
1.5 g/1 
0.04 
0.075 
0.036 
0.006 
0.006 
salt) 0.001 
0.02 
1 ml/1 
make to 1 liter 
MnCl2*4H20 
ZnSO^•7H2O 
Na2MoO^-2H2O 
CuSO.•5H^0 
4 2 
Co (NO^)2*6H20 
Distilled H2O 
2.86 g/1 
1.81 
0.222 
0.39 
0.079 
0.0494 
make to 1 liter 
Note: After autoclaving and cooling, pH of medium 
7.1. To make up BG-11-0 (nitrate 
of BG-11), simply omit NaNO^• 
free variant 
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